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HIGHLIGHTS GRAPHICAL ABSTRACT

e Antimicrobial blue light (aBL) reduced
ESKAPE bacteria and antibiotic
resistances.

e Photosensitizers and oxidative agents IIII
significantly enhanced decontamination.

Wastewater Plant Effluent

s . Antibiotic resistant bacteria
e Gram-positive bacteria were more sen-
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e Bacteria carrying ermB, tetM, sull, or ~h ~=h
blﬂvnv[ genes showed the highest Antibacterial BlueLight (aBL)
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e About 13 DNA lesions per 10 kb were
detected contributing to bacterial
inactivation.
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ARTICLE INFO ABSTRACT

Editor: Daniel Wunderlin The effectiveness of antimicrobial blue light (aBL) irradiation in eliminating ten clinically significant antibiotic
resistance genes (ARGs) and four taxonomic marker genes of the WHO-priority ESKAPE bacteria group from

Keywords: wastewater treatment plant (WWTP) effluent was examined. Experiments were conducted using an LED-driven

Antimicrobial BlueLight (aBL)

continuous-flow photoreactor operating at wavelengths of 405 nm, 420 nm, and 460 nm. Irradiation with aBL
Antibiotic resistances

alone was insufficient for effectively inactivating or eliminating ESKAPE bacteria and clinically relevant ARGs.
DNA lesions The addition of the porphyrin-based photosensitizer TMPyP (10~° M) or the oxidative agent Hz0> (1 mM)
Photoenhancers resulted in several logo unit reductions of facultative pathogenic bacteria (FPB), their taxonomic gene markers,
Wastewater disinfection effectiveness and target ARGs. However, the additional effects of TMPyP and H,0, were only noticeable in conjunction with
aBL irradiation, as they were ineffective without it.

The reduction of the different FPB and ARGs in WWTP effluents was analyzed using culturing and qPCR
together with living/dead discrimination. Different FPB and ARGs showed varying susceptibility to aBL-mediated
irradiation. Among the FPB, enterococci were the most sensitive, while among the ARGs bacteria carrying ermB,
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tetM, sull, and blayyy genes exhibited the strongest removal. This sensitivity may be due to the gene-carrying
microorganism’s response to aBL irradiation combined with TMPyP or H20,. Additionally, molecular biology
results revealed that aBL irradiation induced up to 13 lesions per 10 kb DNA, which is hypothesized to contribute
to the acute inactivation effect and prevent regrowth by inhibiting DNA repair activities.

1. Introduction

The increasing prevalence of antimicrobial resistance (AMR) in
clinical, veterinary, and environmental contexts poses a serious public
health threat (Ahmed et al., 2024). Currently, the spread of antibiotic
resistance and antibiotic residues in the aquatic environment is unreg-
ulated, with no limit values and no indicator systems for their detection
exist, and significant knowledge gaps about antibiotic resistance, its
evolution, dissemination, and associated health risks. In this context, the
German BMBF-funded project HyReKa ‘Hygienic-medical relevance and
control of antibiotic-resistant pathogens in clinical, agricultural, and
municipal wastewater and their significance in raw water’ was carried
out  (https://www.ifg kit.edu/downloads/HyReKA%20Abschlussber
icht%200ktober%202020.pdf).

This project compared conventional disinfection techniques like
membrane filtration, ozone treatment, and UV irradiation for waste-
water effluent decontamination targeting clinically facultative patho-
genic bacteria (FPB) and antibiotic resistance genes (ARGs) by
cultivation and qPCR. The findings highlighted the need for innovative
decentral measures for wastewater decontamination.

The propose EU urban wastewater treatment directive (https://
eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52022
PC0541), emphasizes the importance of antibiotic resistance within the
European ‘One Health Action Plan’. The directive, referencing the World
Health Organisation (WHO), identifies wastewater as an important
source of antibiotic agents, their metabolites, antibiotic-resistant bac-
teria (ARB), and resistance genes. Consequently, mandatory monitoring
of antibiotic resistance in municipal wastewater and initiation of
appropriate regulations are deemed necessary. Hence, infection man-
agement should prioritize preventing the dissemination and spread of
ARB carrying clinically relevant ARGs discharged from critical sources
like hospitals, nursing homes, and industrial livestock farming (Sib et al.,
2019; WHO, 2019; Alexander et al., 2022). The misuse of antibiotics
continues to drive the selection of antibiotic resistance selection and
evolution in pathogenic bacteria, potentially leading to untreatable in-
fections in the near future (O’Neil, 2014).

Hospitals are known as potent hotspots for the emergence and
dissemination of AMR and associated gene pools through clinic-
associated pathways (Sib et al., 2020, 2019), while WWTPs serve as a
final control point for discharging wastewater-born ARGs into receiving
aquatic environments. Decentralized upstream monitoring of waste-
water from selected urban areas has been conducted earlier (Hembach
et al., 2017; Alexander et al., 2020). Local wastewater treatment at
hospitals was initialized at a few hospitals in Germany, Switzerland, and
Netherland. Pharmafilter is one commercially available system, while
other more compact solutions, that often are based on advanced treat-
ment principles, such as membrane filtration, ozonation, and UV-
treatment are in research and pilot-stage. Besides hospitals, retirement
homes and slaughterhouses have been identified as significant sources of
ARG discharges, often exhibiting higher levels than residential sewer
systems (Cong et al.,, 2023; Alexander et al., 2020). Conventional
treatment methods have proven ineffectual in eradicating ARB and
ARGs. Primary treatment achieves only modest reductions (ARB: 0-1 log
units, ARGs: 0.09-0.55 log units) (Hazra and Durso, 2022), while sub-
optimal sedimentation exacerbates their downstream dissemination.
Moreover, secondary processes such as activated sludge may trap ARGs
and ARB, inadvertently reintroducing them into environmental settings
(Wang and Chen, 2020). Accordingly, the deployment of innovative
advanced oxidative processes, particularly those light-based

technologies are essential. Light-based wastewater disinfection employs
various light sources to inactivate pathogens. Among these, UV disin-
fection remains predominant, inflicting irreparable damage to microbial
nucleic acids without leaving chemical residues (Hazra et al., 2024).
Emerging LED systems offer enhanced energy efficiency and durability
(Maclsaac et al., 2024), while photocatalytic disinfection, which
strengthen UV light with catalysts like titanium dioxide, being respon-
sible for the decomposition of contaminants and the eradication of
pathogens (Cong et al., 2024). Ozone can be generated by UV light and
has strong disinfectant properties. It is often used in combination with
other processes to increase the efficiency of disinfection. Besides these
technologies, hydrogen peroxide (H20:) is also a potent oxidant widely
used in disinfection due to its ability to enhance antimicrobial effects
while producing fewer by-products (Herraiz-Carboné et al., 2021; Gar-
cez et al., 2011).

Our research focuses on the decentralized implementation of inno-
vative, modular disinfection technologies. Such as aBL irradiation
combined with photosensitizers (e.g., porphyrins) or oxidative agents
(H202), to effectively curb the spread of AMR (Cong et al., 2023).

Treating wastewater at AMR hotspots can prevent contamination of
larger wastewaters volumes downstream, thus, unburden WWTPs in the
load of these contaminants. This strategy would support a more cost-
effective treatment compared to central actions at WWTPs alone.

The novel application of aBL irradiation in the 400-470 nm range
offers a sophisticated, strategy to combat AMR (Cong et al., 2023;
Wozniak and Grinhole, 2022). aBL disinfection is based on the activation
of endogen photosensitizers within bacterial cells by specific wave-
lengths of blue light. This activation triggers the production of reactive
oxygen species (ROS), which are highly cytotoxic and lead to bacterial
cell damage and death (Ngo et al., 2023; Leanse et al., 2022; Wain-
wright, 1998). The effectiveness of aBL treatment can vary significantly
with changes in wavelength and dose (Huang et al., 2023). Endogenous
porphyrins, critical chromophores in bacterial cells, act as inherent
photosensitizers essential for photoinactivation (Maclean et al., 2009).
We recently demonstrated that aBL in a static photoreactor holds sig-
nificant potential for inactivating health-relevant FPB in polluted
wastewater (Cong et al., 2023). In extension to the static photoreactor
with small volumes of wastewater samples, this study is working with a
continuous flow photoreactor using larger volumes of real WWTP
effluent wastewater comparing the inactivation effectiveness for FPB
and ARGs in a laboratory scaled reactor system. Here, three distinct LED
wavelengths (i.e., 405, 420, and 460 nm) to assess their different inac-
tivation effectiveness. The investigation used culturing and molecular
biology techniques to evaluate the impact of aBL irradiation. The
photodynamic porphyrin TMPyP (5,10,15,20-Tetrakis-(N-methyl-4-
pyridyl)21,23-porphyrintetratosylate) (Figure S1) and the oxidizing
agents H-02 were added to enhance the aBL irradation effectiveness. We
also aimed to confirm that bacterial DNA damage induced by aBL irra-
diation plus TMPyP or HoO> Understanding the extent of DNA lesion
formation is important for elucidating aBL inactivation mechanisms.
DNA damages in wastewater irradiated with aBL were quantified using
the long-run real-time PCR-based method (LORD-Q). Semi-long ampli-
cons of around 1.5-2 kb can also enhanced sensitivity for detecting DNA
damage (Zhu and Coffman, 2017).
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2. Material & methods
2.1. Sampling and sample preparation

The wastewater effluent was collected biweekly from the local
WWTP on the Karlsruhe Institute of Technology (KIT) campus in
Karlsruhe Germany. It primarily consisted of wastewater from scientific
research institutes, serving approximately 3300 individuals, including
international scientists and students present during the week. The
WWTP processes approximately 450 m® wastewater daily through a
combination of conventional physical-chemical and biological treat-
ment methods, including adsorption, precipitation, flocculation, and
oxidation. Some chemical and physical average data collected are pre-
sented in Table S1. The treated WWTP effluent is discharged into the
River Rhine.

Due to its unique composition, WWTP effluent required compre-
hensive analysis, as wastewater from scientific institutes can pose po-
tential risks to the environment. For each aBL treatment (i.e., (i) aBL
alone, (ii) aBL combined with TMPyP, and (iii) aBL combined with H202)
at each of the three wavelengths 405 nm, 420 nm, 460 nm, respectively,
nine samples were collected from the WWTP, resulting in nine sampling
campaigns per trial. The study was conducted over three independent
trials (n = 3). 4 L of effluent was collected from the WWTP at each
campaign. For each aBL treatment, a minimum of three independent
trials were conducted to ensure the reliability and reproducibility of the
results. The collected wastewater was pumped into the photoreactor
(Fig. 1; Figure S2) using a peristaltic pump (1 L min~?). The wastewater
samples underwent a circulation of 4 h within the aBL reactor, resulting
in an absolute aBL irradiation of 26 min by the LED lamp passing the
photo-chamber. An aliquot of 0.7 L of aBL-treated samples were taken at
regular intervals to assess the effectiveness of the aBL irradiation. Test
were carried out at one of the three wavelengths 405 nm, 420 nm, or
460 nm, respectively. We further investigated the shading effects caused
by the particulate matter contained in the WWTP treated effluent. In
theory particles may block aBL irradiation, creating areas without
exposed to the rays, and then reducing the effectiveness of ROS pro-
duction as microorganisms in these shadowed areas may not exposed to
the aBL and therefore may not be inactivated. However, a relatively low
suspended solids content of <0.1 mg L~ measured in the KIT WWTP
treated effluent implies that this shading effect on our aBL irradiation
tests was marginal or absent.

The aBL treated water samples were subsequently stored in darkness
at room temperature to inhibit any additional photoreactive
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transformations. Aliquots of 150 mL from each sample were filtered
through polycarbonate membranes (PC) with 47 mm diameter and 0.2
pm pore size (Whatman Nucleopore Track-Etched Membranes, Sigma-
Aldrich, Munich, Germany). Following filtration, the membranes were
treated with 20 uM of propidium monoazide (PMA) for differentiating
living from dead bacteria. PMA is able to enter the bacterial cell reaching
the chromosomal and extrachromosomal nucleic acid due to the loss of
cellular membrane integrity of injured/dead bacteria (Nocker et al.,
2018; Cong et al., 2023). This modified DNA is blocked for subsequent
qPCR analyses. The procedure was completed by incubating the PMA-
treated and filtered biomass in a dark environment for 10 min to pre-
vent any photodegradation of the PMA. Then the filtered biomass on
membranes were exposed to the PhAST Blue Photo-Activation System
(GenlIUL, Barcelona, Spain) at maximum intensity for a duration of 15
min for cross-linking of PMA with the DNA of the dead/injured bacterial
cells.

2.2. Continuous flow aBL photoreactor

The continuous flow photoreactor, as described below, is initially
designed as a laboratory system to test its inactivation efficiency.
Decentralized use with up-scaling is planned for subsequent studies once
the appropriate operating parameters have been determined.

The continuous flow aBL reactor experimental setup used for
wastewater irradiation comprised of a sample tank, a peristaltic pump, a
reactor cabinet (including one LED lamp with one wavelength), and a
LED power supply. Additionally, a waste container was utilized for
storing the treated wastewater, while 70 % isopropanol was employed
for disinfecting the setup (Fig. 1). The aBL photoreaction chamber
featured a dual glass cylinder setup, comprising an outer and an inner
glass cylinder. Into the inner glass, a LED lamp was inserted centrally,
whereby the flow of the test water was circulated upwards around the
LED lamp. A peristaltic pump for transferring wastewater from the
sample reservoir to the reactor cabinet, an LED cooling device to regu-
late system temperature, and a power supply for adjusting LED intensity.

Fig. 2 shows the calculated duration time of irradiation in the LED
based reaction chamber’s area (highlighted in blue), which spans 26 s by
a given flow rate of 1 L min~! dictated by the pump. The total volume of
the chamber subjected to irradiation was 0.43 L. Within the inner cyl-
inder, a LED mounting base equipped with four surfaces accommodates
the LEDs. This base was hosted 12 LEDs arrayed in a row on each of its
surfaces. The LED configuration delivered specific light intensities for
aBL treatments at various wavelengths, where 420, 405, and 460 nm
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Fig. 1. The experimental setup used in the water irradiation process using a continuous flow aBL photoreactor.
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Fig. 2. The schematic diagram of the reactor illustrates a total volume of 0.43 L and a retention of irradiation time of (At = t1-t0) 26 s for the wastewater passing

through the LED-irradiated volume at a flow rate of 1 L min~".

achieved 2758, 3282, and 3486 W m ™2, respectively. The time depen-
dent energy input corresponds with 430 J cm ™2 at 420 nm, 512 J cm™2 at
405 nm, and 544 J cm ™2 at 460 nm for 26 min. The energy input for 13
min irradiation was calculated with 215 J cm ™2 at 420 nm, 256 J cm 2
at 405 nm, and 272 J cm~2 at 460 nm. Finally, the energy input for 6.5
min irradiation was 108 J cm ™2 at 420 nm, 128 J cm 2 at 405 nm, and
136 J cm™2 at 460 nm. Based on a specified volume of 4 L. of WWTP
effluent being fed into the photoreactor without any pretreatment, the
calculated entire irradiation time of the total volume of water sample in
the photo reactor chamber for the residence time of (At = t1-t0) 26 min
at a flow rate of 1 L min~! for 4 h. The time points TO, T1, T2, and T4,
corresponded to the untreated sample, one-hour treatment, two-hour
treatment, and four-hour treatment, respectively, thus reflecting oper-
ation times. However, the total irradiation times differed with 6.5 min
for T1, 13 min for T2, and 26 min for T4.

2.3. DNA extraction for molecular biological analyses

DNA was extracted using the FastDNA™ Spin Kit for Soil (MP Bio-
medicals, Santa Ana, USA) and the FASTPREP® device (MP Bio-
medicals, Santa Ana, USA). For mechanical cell disruption, the filtered
biomass on membranes were placed in the Lysing Matrix E tube and
treated according to the manufacturer’s protocol. Proteins were sepa-
rated by centrifugation and precipitation, and the DNA was finally pu-
rified by attachment to a silica matrix. The concentration of extracted
DNA was measured using the NanoDrop (ND-1000, PEQLAB Bio-
technologie GmbH, Germany) and the Quant-iTTM PicoGreen® dsDNA
Assay Kit (Thermo Fisher Scientific, Nidderau, Germany).

2.4. Quantitative PCR (qPCR) analysis

SYBR Green qPCR assays were performed using a Bio-Rad Cycle
CFX96 (CFX96 TouchTM Deep Well Real-Time PCR Detection System,
Bio-Rad, Munich, Germany), and analysis was performed using the
manufacturer’s software (Bio-Rad CFX Manager Software). Reactions
were performed in volumes of 20 pL containing 10 pL Maxima SYBR
Green/ROX qPCR Master Mix (2x) (Thermo Scientific Nidderau, Ger-
many), 7.4 pL nuclease-free water (Ambion, Life technologies, Karlsbad,
Germany), 0.8 pL primer forward (10 pM), 0.8 pL primer reverse (10
pM) and 1 pL template DNA. In the denaturation phase, double-stranded
DNA was converted into single strands by heating at a high temperature
(about 95 °C) for 10 min. This was followed by 40 cycles of 15 s at 95 °C
and 60 s at 60 °C. The melting curves were recorded by increasing the

temperature from 60 °C to 95 °C (1 °C every 10 s) to assess the specificity
of the application. The clinical relevance of the investigated ARGs and
FPB are shown in Table 1. For each target (ARGs or FPB), the primer
sequences used are listed in Table S2. Information on the characteristics
and quality of the qPCR systems used for the taxonomic genes and the
antibiotic resistance genes is given in Table S2. Cq (quantification of
cycle) stands for cycle threshold and refers to the number of times a
machine must copy a piece of genetic material before it can be detected
in a PCR test. The value represents the amount of genetic material in a
particular sample at a specific point in time. In general, the lower the Cq
value, the higher the load that is found in the sample, while the higher
the Cq value, the lower the load is. previous experience (Hembach et al.,
2019, 2022; Cong et al., 2023). The different ARG clusters categorize
ARGs into common, moderate and rare gene targets and are based on
previous experience (Hembach et al., 2019, 2022; Cong et al., 2023).

Table 1
Categorization of various FPB and ARGs is based on their abundance, stated as
median of cell equivalents per 100 mL (n = 3), within the KIT WWTP.

Targets Median of cell Median
equivalents per absolute
100 mL deviation
(MAD)
Eubacteria 16S rDNA 6.39E+08 1.72E+08
Facultative pathogenic yecT (E. coli) 4.18E+05 1.62E+05
bacteria (ESKAPE 23S 4.18E+03 1.82E+03
group) (enterococci)
secE (A. 2.02E+02 5.38E+00
baumannii)
ecfX (P. 9.34E+401 2.24E+01
aeruginosa)

Commonly detected sull 3.54E+07 4.56E+06
Intll 1.79E+06 4.02E+05
tetM 1.45E+05 6.49E+04
ermB 1.26E+05 1.88E-+04
blargym 8.40E+04 2.06E+04

Intermediately detected blayy 3.67E+03 1.41E+03
blacrx-m3a2 2.58E+03 1.51E+03
blaoxa.4s 6.87E+02 5.44E+02
blacrx-m 3.32E+02 2.12E+02
blacmy-2 2.35E+02 8.33E+01
mer-1 8.56E+01 5.85E+01
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2.5. The photosensitizer porphyrin TMPyP and the oxidative agent H20>

The photosensitizer porphyrin TMPyP (5,10,15,20-Tetrakis-(N-
methyl-4-pyridyl)21,23-porphyrintetratosylate) was obtained from
Sigma-Aldrich in Darmstadt, Germany, and its structure is depicted in
(Figure S1). The 1 x 10~3 M TMPyP stock solution was preserved at a
storage temperature of 4 °C. For experimental purposes, a higher dilu-
tion, 1 x 107® M, was added to the water samples. The concentrations
used for TMPyP are based on studies that have proven to be particularly
effective in reducing antibiotic resistance (Cong et al., 2023). The mo-
lecular structure of TMPyP is characterized by a planar, tetracationic
structure, centered around a porphyrin ring enabling porphyrin mole-
cules to absorb light across a specific spectrum and making them
effective in photodynamic applications. Additionally, 1 mM Hy0, was
added to the water samples to explore the inactivation potential for ARG
and FPB during aBL treatment.

1 mM H,0; was used which is correlated with the optimal concen-
tration used in the study (Truong et al., 2020). The higher concentration
of Hy0; can cause scavenging of HO® by H,0,. In principle, it has been
shown that both TMPyP (1 x 107° M) and H50- (1 mM) has no anti-
bacterial effects without blue light irradiation (data not shown). Only
irradiation with blue light of the specified wavelengths showed an
additional antibacterial capacity by the two components.

2.6. Cultivation of facultative pathogenic bacteria

Before (untreated wastewater) and after (treated wastewater) aBL
irradiation, 50 mL of each sample were filtered through a nitrocellulose
membrane (0.45 pm, GE Healthcare Life Sciences, Solingen, Germany)
in preparation for cultivation. Selective agar plates were assessed by
cultivation for the efficiency of aBL treatment. Four different agar plates
were used in this investigation: CHROMagar™ ESBL, Enterococci agar
plates, Pseudomonas agar plates, and CHROMagar™ Acinetobacter.
CHROMagar™ ESBL allows enrichment of extended-spectrum beta-
lactamases (ESBLs) producing bacteria), enzymes confer resistance to a
wide range of beta-lactam antibiotics, including penicillins and cepha-
losporins. Enterococci agar plates are used for the selective isolation and
identification of Enterococcus species from clinical and environmental
samples. Pseudomonas agar plates are used for the selective isolation
and identification of Pseudomonas species, particularly Pseudomonas
aeruginosa, from clinical and environmental samples. CHROMagar™
Acinetobacter are used to selectively isolate and identify Acinetobacter
species. The Colony Forming Units (CFU) were quantified for 50 mL
water sample volumes after overnight incubation. The fold change in
bacterial count was calculated by taking the ratio of the bacterial count
after treatment (Cy) to the initial bacterial count (Cyp), expressed as C¢/Co.
A fold change of 1 means no change, >1 indicates an increase, and <1
indicates a decrease.

2.7. DNA damage analysis by qPCR

The methodology involves amplifying genomic DNA extracted from
aBL-irradiated samples (aBL treatment alone, aBL treatment with
TMPyP, and aBL treatment with Hy05) using “short” and “long” qPCR
reactions. We used with approximately 1500 bp long amplicons to bal-
ance sensitivity and efficiency in quantifying DNA damage. The result-
ing Cq values and the amplification efficiencies of the two reactions are
calculated using the eq. E = [10(—1/slope)-1]. Correlation coefficients
(R2) are derived from standard curves generated by running qPCR re-
actions on serial dilutions of the samples. In the investigation of DNA
damage, a diverse array of primer types, as specified in Table S2, was
utilized. The primer 27F, referred to as primer F;, and BacUni-1387F,
referred to as primer Fg, were each paired with the identical reverse
primer BacUni-1492R, identified as primer R. This configuration facili-
tated the generation of both long and short amplicons. All qPCR re-
actions were executed in volumes of 20 pL, consistent with the
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established protocol for detecting target sequences through qPCR. For
the elongation of sequences with approximately 1500 base pairs in
length, the cycling protocol commenced with a three-minute polymerase
activation phase at 95 °C, followed by 39 cycles of 15 s at 95 °C, 20 s at
55 °C, and 80 s at 72 °C. Conversely, the amplification of shorter
(approximately 100 base pairs) sequences, adhered to a similar initial
step of three minutes at 95 °C for polymerase activation, but was fol-
lowed by 39 cycles of 15 s at 95 °C, 20 s at 55 °C, and 15 s at 72 °C. The
Cq values was automated via the Bio-Rad CFX Manager software, and
the subsequent data analysis was conducted using Microsoft Excel. This
method ensured precise and repeatable measurement of DNA amplifi-
cation across varying experimental conditions. To quantify DNA lesions
per 10 kb, the Cq values correlate to the number of target copies ob-
tained from the experiments. Together with the amplification effi-
ciencies of the two reactions and the amplicon lengths, were processed
using the LORD-Q equation (Dannenmann et al., 2017).

2.8. Statistics

For statistical evaluation, the median cell equivalent from all sample
collection campaigns was used to calculate p-values for the significance
displayed in our figures. The statistical significance of the experimental
data was rigorously evaluated using Analysis of Variance (ANOVA) tests,
followed by Tukey’s multiple comparisons analysis. The comparisons
were made between the control group, aBL treatment alone, and aBL
treatment in conjunction with either TMPyP or HyO5. The outcomes of
these analyses are reported as follows: non-significant (ns), *P < 0.5,
**p < 0.05, ***P < 0.01. The median abundance of WWTP effluent was
calculated by averaging the cell equivalents obtained from three sample
trials. The Median Absolute Deviation (MAD) represents the statistical
dispersion, and was calculated as.

XY = (|x—median(x) |),

where xi represents the cell equivalents of each individual data point in
the dataset, and i denotes the index corresponding to each specific data
point.

3. Results and discussion

3.1. Reduction effectiveness of FPB in the aBL photoreactor determined
by cultivation

The presence of FPB and ESBL producing bacteria was elucidated by
culturing. Specifically, the Gram-positive bacteria Enterococcus spp. and
Gram-negative Acinetobacter spp. and Pseudomonas spp. were selected
for cultivation on selective media from untreated and treated waste-
water samples with blue light and in combination with TMPyP or Hy0,.
Additionally, bacteria producing extended spectrum of beta-lactamases
from the ESKAPE group were studied by cultivating experiments. The
initial colony-forming units (CFUs) for Enterococcus spp., Acinetobacter
spp., and ESBL agar plates were determined to be 1326 + 75, 837 + 43,
and 390 + 82 CFUs per 100 mL, respectively. These values represent the
mean results and standard deviations obtained from three independent
trials.

As shown in Fig. 3, a progressive reduction in CFU counts was
observed from 0 h (no treatment) to 4 h (i.e. 26 min real aBL irradiation).
This was observed for 405, 420, and 460 nm of aBL treatment, as well as
in presence of TMPyP or HoO together with aBL irradiation. This trend
was observed across all tested FPB, irrespective of the wavelengths
applied. When evaluating the susceptibilities of these bacterial species,
Enterococcus spp. (Fig. 3a) exhibited higher sensitivity to aBL treatment
than Acinetobacter spp., Pseudomonas spp., and ESBL-producing bacteria.
One-hour aBL irradiation, regardless of the wavelength, completely
inhibited the growth of this Gram-positive bacterium Enterococcus spp.,
indicating complete inactivation by aBL alone and when combined with
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Fig. 3. The fold change of CFU from subsequent (Ct) to initial (CO) concentration values at four time points (0 h, 1 h, 2 h, 4 h) following nine different aBL
treatments, including aBL alone, aBL combined with H>O,, and aBL combined with TMPyP at three distinct wavelengths. In total, nine sampling campains were done.
Each dot represents the results of an individual trial for each wastewater treatment condition (n = 3).

TMPyP or Hz0: (Fig. 3a). This increased sensitivity may be due to the
absence of the specific outer membrane in Gram-negative bacteria,
making them more resistant to oxidative stress than Gram-positive
bacteria (Maldonado-Carmona et al., 2022). For Acinetobacter spp.
(Fig. 3b) as well as for ESBL producing bacteria (Fig. 3c), the combi-
nation of aBL with TMPyP or H20: demonstrated superior effectiveness
in CFU reduction compared to aBL treatment alone, as evidenced by the
complete absence of colonies on the specific agar plates after 4 h irra-
diation. Nevertheless, it became evident that the effectiveness of aBL
treatment is dynamic and influenced by multiple factors beyond just
wavelength (e.g. Gram positive vs Gram-negative). However, its impact
on inactivating FPB becomes increasingly evident over time. Pseudo-
monas spp. count numbers were too high to quantify in all untreated
wastewater samples, making fold change calculation impossible. How-
ever, aBL irradiation reduced CFUs. Compared to other pathogens,
Pseudomonas spp. were less sensitivity to the treatment highlighting
their high resilience compared to the other FPBs. In conclusion, aBL
treatment combined with TMPyP or Hy02 enhanced the reduction of
FPB and ESBL bacteria. Comparing the CFU reduction data 405 and 420
nm were slightly more effective compared to 460 nm after 1 h of
treatment. These differences disappeared in case of longer treatment
times. This may be due to the higher photon energy of 405 nm and 420
nm aBL compared to 460 nm at the beginning of the treatment, when all
intracellular involved structures are more or less intact (Enwemeka
et al., 2021; Huang et al., 2023), which induces more ROS and increases
oxidative stress potentially leading to more viable but non-culturable
(VBNCQ) states in bacteria. It was shown, that >100 bacterial species
have been found to enter a VBNC state under oxidative stress conditions
(Ayrapetyan et al., 2018). Additionally, bacteria that are unable to
withstand multiple stressors have also been shown to transition into the
VBNC state (Idil et al., 2011; Barber, 2015). Hence, the VBNC state need
to be analysed by living/dead staining in planed subsequent studies. It
should be noted that cultivation experiments may be biased due to the
limitations of cultivation methods in general. Therefore, incorporating
molecular biology techniques was crucial to accurately assess bacterial
viability and response to aBL treatments.

3.2. Reduction effectiveness of FPB and ARB during aBL irradiation as
determined by qPCR

3.2.1. FPB and ARGs abundances in WWTP effluent

The total bacterial load in the WWTP effluent, quantified via the
eubacterial ribosomal 16S rDNA using qPCR, averaged 6.39 x 10° cell
equivalents per 100 mL (Table 1). The intI1 gene, coding for a
transposon-based Class I integrase, serves as a specific marker for class 1
integrons and indicates the potential for HGT, was present at 1.79 x 10°
gene copies per 100 mL. An increased gene transfer rate facilitated by

the dissemination of intl1, may facilitate to its spread through the cor-
responding gene cassettes in mobile genetic elements.

Lower abundances for specific taxonomic gene markers were detec-
ted for the FPB of the ESKAPE group (Table 1): Detected species included
enterococci (23S rDNA gene), Pseudomonas aeruginosa (ecfX gene), Aci-
netobacter baumannii (secE gene), and Escherichia coli (yccT gene)
(Table 1). E. coli, detected using the yccT was the dominant species with
an average of 4.18 x 10° cell equivalents per 100 mL. E. coli, serving as a
well-known indicator for fecal contaminations. Enterococci was also
abundant, with 4.18 x 10 cell equivalents per 100 mL. P. aeruginosa
and A. baumannii were detected in lower concentrations, with 1-2 logs
per 100 mL. The abundance of ARGs was categorized into ‘commonly
detected genes’ and ‘intermediately detected genes’ based on previous
studies (Hembach et al., 2019) (Table 1). ‘Commonly detected genes’
include ermB (resistance to erytrhomicin in Gram positive bacteria like
Enterococcus, Staphylococcus, and Streptococcus), sull (resistance to sul-
fonamides, often found in mobile genetic elements, such as plasmids,
transposons, and integrons), tetM (tetracycline resistance, frequently
detected in wastewater from hospitals, agricultural runoff, and resi-
dential areas), and blargy (a beta-lactam resistance gene, commonly
detected ESBL gene) (Wang et al., 2022; Gao et al., 2012; Wen et al.,
2016; Sah and Hemalatha, 2015). These genes exhibited cell equivalent
concentrations ranging from 10* to 107 log units per 100 mL in the
WWTP effluent making them suitable for assessing ARG inactivation
effectiveness in wastewater treatment. ‘Intermediately detected genes’
include blacrx.m, blactx-m32, blaoxa.as, blacyy.2, and blayyy, which are
beta-lactam resistance genes associated with FPB with two and three log
level abundances. The colistin resistance gene mcr-1, carried by
Enterobacteriaceae on transmissible plasmids, has previously been re-
ported in municipal and husbandry WWTPs (Savin et al., 2021). We
found mcr-1 at low abundance, indicating its presence but at lower
concentrations compared to other ARGs. Other critical ARGs, including
vanA, blaypy;, and mecA were not detected in the WWTP effluent.

Our results imply high contamination of FPB from the ESKAPE group
in WWTP effluent. ESKAPE group pathogens, among other health-
concerning microorganisms of, are clinically important bacteria
responsible for many community and hospital-acquired infections
(Mathur et al., 2023). Even without direct inputs from clinical facilities,
industry, or agriculture, critical facultative pathogenic bacteria (Table 1,
Fig. 3) enter local wastewater, persist through and remain unaffected by
most conventional treatment processes, and ultimately reach receiving
water bodies. Our study suggests that the international community at
the KIT campus contributes to the dissemination of a broad spectrum of
ARGs and FPB to the KIT WWTP due to the incomplete effectiveness of
the current wastewater treatment processes. Therefore, it is essential to
consider implementing a supplementary quaternary treatment step for
hygienization with advanced wastewater treatment methods, such as
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aBL-photo disinfection, and to evaluates its effectiveness.

3.2.2. Effectiveness of aBL irradiation at different wavelength to inactivate
FPB and ARG

The effectiveness of three aBL wavelengths in inactivating FPB and
ARG in KIT WWTP effluent was evaluated (Table S3). Among the
detected FPB, enterococci demonstrated sensitivity to all three aBL
wavelengths. Notably, treatment with 420 nm aBL achieved a maximum
reduction of 2.6 logo units (Fig. 4a). Although the 405 nm aBL wave-
length resulted in a comparatively lower reduction of enterococci, the
bacteria remained susceptible to aBL treatment alone. This finding is
further corroborated by results obtained through cultivation-based
methods. For other Gram-negative bacteria, aBL treatment alone ap-
pears insufficient for effective inactivation (Fig. 4a). P. aeruginosa
exhibited a higher tolerance to aBL, showing no significant reduction in
gene copy numbers after 4 h of exposure, regardless of the wavelength.
This observation aligns with the cultivation-based results, further con-
firming the bacteria resistance to aBL treatment alone. When using aBL
treatment alone for bacterial inactivation, the specific wavelength of
aBL does not appear to be a critical factor in the removal of FPB. Instead,
the intrinsic characteristics of the bacteria themselves may play a more
significant role in determining their susceptibility to aBL treatment (i.e.,
Gram-positive vs Gram-negative bacteria). The incomplete disinfection
may be due to insufficient irradiation during the 4-h flow reactor
experiment, which did not achieve high enough intracellular ROS con-
centrations to inactivate targeted FPB/ARGs.

Among the examined ARGs, the susceptibility to aBL treatment
varied which might depend on the bacterial host carrying the gene under
investigation. Frequently detected ARGs, such as ermB, which encodes
resistance to erythromycin, exhibited the strongest reduction, reaching
up to 1.9 log;o units following irradiation with 420 nm aBL (Fig. 4b).
Similarly, the tetM gene, responsible for tetracycline resistance, dis-
played moderate susceptibility to aBL treatment, with a reduction of up
to 1.8 logyo units at 420 nm (Fig. 4b). Other intermediately detected
ARG targets, including blactx-m, blacrx-ms2, blacmy-2 were less efficiently
inactivated by aBL irradiation. The blaypy and mcr-1 genes exhibited
relatively high sensitivity to aBL treatment alone, with reductions in
gene copy numbers of 1.9 logyp and 0.9 logip, units respectively,
following irradiation with 420 nm aBL (Fig. 4c). When aBL was applied
alone, the extent of ARG reduction appeared to be highly dependent on
the specific bacterial hosts carrying the genes as part of the real waste-
water effluent. Furthermore, the additional wavelengths of aBL (405 nm
and 460 nm) did not appear to have a significant or decisive impact on
ARG reduction.

There are clear differences in the results (1) when comparing culture
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methods with qPCR, and (2) when comparing the flow-through reactor
with the static aBL photosystem reported by Cong et al. (2023). In the
culture method, FPB contamination in the wastewater was reduced to 0
CFU after 4 h aBL irradiation (26 min, without addition of photosensi-
tizers or oxidative agents) (Fig. 3). However, qQPCR analysis showed a
less acceptable reduction. This discrepancy could be due to sufficient
cellular DNA still being available for qPCR, despite the bacterial cells
losing cultivability due to aBL treatment. Possible reasons include
shading effects, bacterial aggregating, insufficient DNA degradation by
ROS, and matrix effects impacting PMA treatment for living/dead
discrimination. Irradiation exceeding 4 h and a simultaneous applica-
tion of 405 nm, 420 nm, and 460 nm wavelengths are recommended for
future applications of the aBL method to achieve higher inactivation.
Cong et al. (2023) showed that simultaneous irradiation of wastewater
from slaughterhouses with the three wavelengths of blue light in the
static photoreactor resulted in strong reductions up to elimination
within 4 h; with the photosensitizers significantly increasing reduction
performance. The energy input in J cm ™2 was generally 10 times higher
in the static aBL photosystem compared with the recently used flow
through photoreactor (Cong et al., 2023).

Consistent with the results for taxonomic gene markers, the calcu-
lated ARGs reduction rates (Fig. 4b and c¢) imply that no full inactivation
was achieved by aBL at the maximum irradiation of 26 min (equal to 4 h
of operation). This demonstrates that aBL irradiation could inactivate
FPB and ARGs to a certain extent within the applied treatment period,
independent of the wavelength, although effectiveness was likely
limited by insufficient internal ROS production. Matrix effects of the
wastewater, aggregate formation (hindering light penetration), and
shading effects are plausible explanations for the limitation of aBL
irradiation. Therefore, the application of effective additional photo-
sensitizers is crucial for enhancing the efficiency of aBL treatment,
particularly in overcoming the limitations of aBL alone in inactivating
certain FPB and ARGs.

3.2.3. Comparative effectiveness of added TMPyP or Hy02

TMPyP, a photoactive dye, has been shown to inactivate microor-
ganisms in combination with aBL irradiation very efficiently (Cong
et al., 2023). Porphyrins are organic chemical structures with four
pyrrole rings, connected by four methine groups, forming cyclic struc-
tures and are present in different bacterial cytochromes (Fig. S1). The
integration of blue light therapy with exogenously applied oxidizing
agents like hydrogen peroxide (H20,), has been adopted in medical
photodynamic therapies (Ngo et al., 2023). HoOy enhances the effi-
ciency of light-induced processes, such as UV-C, in eliminating pollut-
ants by generating free radicals (HOe or/and SO4 e-) (Guan et al., 2020).
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Fig. 4. FPB and ARG cell equivalents per 100 mL in untreated wastewater effluent samples (T0) and wastewater samples treated with aBL alone at 405, 420, and 460
nm after 4 h (T4) reactor operation (equal to 26 min net irradiation). The results are categorized into three groups: (a) FPB, including enterococci, Pseudomonas
aeruginosa, Acinetobacter baumannii, and Escherichia coli, (b) commonly detected ARGs, including genes such as ermB, tetM, blargy, and sull, (c) intermediately
detected ARGs, including blacrx.m, blactx-m3z, blaoxa-4s, blacmy.2, mer-1, and blayyy. Values are averages from n = 3 tests at each condition, and the bars represent the

standard deviation of the triplicates.



X. Cong et al.

While aBL is effective in removing FPB, its successful application in
eliminating ARB/ARGs from wastewaters has not been thoroughly
investigated. The usefulness of aBL irradiance alone and in combination
with TMPyP and Hz0: in inactivating selected FPB and ARG targets in
WWTP effluents was investigated (Table S4). Fig. 5 shows the effec-
tiveness of three different aBL treatments, expressed as cell equivalence
per 100 mL for selected gene targets categorized into four groups, with
(a) 16S rRNA gene and intll; (b) FPB, including enterococci,
P. aeruginosa, A. baumannii, and E. coli; (c) Commonly detected ARGs,
including ermB, tetM, blatgy, and sull; (d) Intermediately detected
ARGS, including blaCTX_M, blaCTx_Mgz, blaOXA_4g, blaCMY_g, mcr—1, and
blaypy. As 420 nm proved to be quite similar effective among the three
tested wavelengths, we focused on it.

In our study, an antibacterial effect of added H202 (1 mM) is only
seen in combination with aBL irradiation (data not shown). Hydrogen
peroxide itself does not absorb light strongly in the visible spectrum or in
the spectral range of the emitted blue light. But when combined with
certain catalysts or photosensitizers (like titanium dioxide, silver
nanoparticles, or certain organic compounds like photoenhancers or
intracellular light sensitive compounds), the system can absorb light in
the blue range (400-460 nm).
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Photosensitizers which absorb blue light enter an excited state, either
a singlet or a triplet excited state, depending on the nature of the
sensitizer. In its excited state, the photosensitizer can interact with
hydrogen peroxide molecules. This interaction can lead to the enhanced
production of reactive oxygen species (ROS), such as hydroxyl radicals
(#OH) and singlet oxygen (102). In summary, the activation of hydrogen
peroxide under blue light involves the absorption of light by a photo-
sensitizer, which then produces reactive oxygen species that decompose
Hz0:. The presence of blue light and a suitable catalyst is critical to this
process. Further, although Hy0- is described as a toxic molecule and also
occurs naturally as part of the bacterial energy metabolism, it is natu-
rally degraded or intercepted by scavenger molecule activities like
porphyrins and can then no longer show its bactericidal potential.
However, if these intracellular scavenger molecules are altered by aBL
irradiation, their scavenger potential is lost and the antibacterial po-
tential of HoO5 comes into play. The different behaviour of bacteria in
natural communities or reference bacteria can therefore be attributed to
different intracellular concentrations of natural scavenger molecules or
their enzymatic activities (Mishra and Imlay, 2012; Yoon et al., 2022).

It must be noted that the added photosensitizer TMPyP (10~ M) and
the oxidative agent HoO5 (1 mM) showed no reducing effect on bacterial
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Fig. 5. Cell equivalents per 100 mL of FPB and ARGs at aBL irradiation for 4 h (equal to 26 min irradiation) using aBL alone at 420 nm, aBL + TMPyP (10°° M), and
aBL + H,0, (1 mM). Results are categorized into four groups: (a) 16S rRNA and intl1, (b) FPB, including enterococci, Pseudomonas aeruginosa, Acinetobacter baumannii,
and Escherichia coli, (c¢) commonly detected ARGs, including ermB, tetM, blargy;, and sull, (d) intermediately detected ARGs, including blacrx.m, blacrx-m3az, blaoxa.-4s,
blacyy.2, mer-1, and blaypy. Values are average from n = 3 tests at each condition. The statistical significance of the differences in treatment effects is indicated

by asterisks.
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communities without aBL irradiation. Only with simultaneous aBL
irradiation did the additional reduction performance of aBL develop in
wastewater effluent (data not shown, but available upon request). The
combination of aBL with TMPyP significantly decreased 16S rRNA gene
abundance, indicating a strong bactericidal effect and reduced overall
bacterial load (Fig. 5a). In contrast, aBL alone and its combination with
H30; did not significantly reduce 16S rRNA genes, suggesting these
treatments were less effective at lowering bacterial load. Regarding the
intll gene, Fig. 5a shows varying levels of effectiveness among the three
treatments: aBL alone led to a reduction of <1 logjg in intll gene copies,
indicating a modest impact on the HGT marker. The combination of aBL
with H20:2 resulted in greater reduction, achieving a 1.4 log;o decrease.
aBL combined with TMPyP achieved the strongest reduction, reaching
up to approximately 4 log;¢ units, highlighting TMPyP’s significant role
in enhancing aBL’s ability to target and reduce ARGs, particularly those
associated with integrons like intl1. This implies that the combination of
aBL with TMPyP exhibits enhanced ability to inactivate ARGs compared
to H20-. aBL irradiation alone led to a significant reduction in gene copy
numbers, specifically a 2.5 log;o decrease observed in enterococci
(Fig. 5b). In contrast, gene copy numbers of P. aeruginosa, A. baumannii,
and E. coli remained unchanged, even after 4 h of aBL irradiation (equal
to 26 min of aBL net irradiation). This discrepancy highlights the
varying susceptibility of different FPB to aBL irradiation, confirmed by
our cultivation methods. The combination of aBL with TMPyP resulted
ina 3.3 log; reduction for enterococci, 1.2 logyo for P. aeruginosa, 1.8
logio for A. baumannii, and 2.4 logo for E coli (Fig. 5b). This demon-
strated that combining TMPyP with violet-blue light significantly
enhanced the reduction of multidrug-resistant strains of P. aeruginosa
and Klebsiella pneumoniae, supporting previous studies such as by
Muskovic et al. (2023). However, adding HyO, appears more selective
strongly inactivating A. baumannii, a bacterium known for its resistance
mechanisms, but not enhancing the inactivation of enterococci,
P. aeruginosa, and E. coli beyond what was achieved with aBL with
TMPyP.

Based on the results of each specific target gene (Table 1, Fig. 5),
ARGs n the KIT WWTP effluent can be categorized into two groups. The
first group includes commonly detected ARGs, such as ermB and tetM
genes, which are more susceptible to aBL irradiation (Fig. 5c). These
genes were reduced of approximately 1.5 orders of magnitude with aBL
alone. Adding H»05 at 1 mM enhanced effectiveness by 2 orders of
magnitude. Notably, combining TMPyP with aBL irradiation increased
reduction effectiveness, resulting in a 3 log;o unit decrease. In contrast,
the sull gene, less susceptible to aBL alone, was better inactivated with
aBL and TMPyP, showing a 4.2 logi unit decrease.

The combination of aBL with H,O5 also leads to a notable reduction,
though less pronounced, with a decrease of 2.1 log1o units. The blagy
gene was more robust to all three aBL-treatments suggesting that bac-
teria with blargy gene are less susceptible to the oxidative and photo-
dynamic effects of aBL, whether used alone or in with TMPyP or H205.
Regarding the second group (Table 1), the intermediately detected
ARGS, including blaCTx.M, blaCTx.Mgz, blaOXA,48, and blaCMY_z, aBL irra-
diation alone did not substantially change gene copy concentrations,
indicating minimal impact. However, the addition of TMPyP reduced
blacrx.m and blacyy-2 gene copy numbers by approximately 2 log o units,
suggesting that TMPyP significantly enhanced aBL irradiation effec-
tiveness for these ARGs. In contrast, blacrx.ms2 was more robust against
aBL under similar conditions. Conversely, blapxa-4g was highly suscep-
tible to aBL combined with Hy0,, indicating that it can be effectively
affected. The mcr-1 gene was notably susceptible to both aBL with
TMPyP and aBL with Hy0,, demonstrating significant inactivation. This
suggests that the combined oxidative and photodynamic effects are
sufficient to significantly eliminate these gene or bacteria carrying them,
which is crucial given the clinical importance of colistin resistance. On
the other hand, blayyy, associated with carbapenem resistance, was
unaffected by aBL treatment.

The maximum aBL irradiation time in this study was limited to 26
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min, resulting from a total circulation time of 4 h for 4 1 of WWTP
effluent in the photoreactor. A longer circulation period or aBL irradi-
ation time in combination with photosensitisers or HyO5 in an up-scaled
variant is expected to result into a greater inactivation or elimination of
FPB and ARGs. This was confirmed by experiments using a static aBL
reactor with TMPyP as a photosensitizer, exhibiting much longer
continuous irradiation durations in the range of several hours (Cong
et al., 2023).

Conventional treatment processes at WWTPs often fail to completely
eliminate ARB or ARGs, allowing them to enter downstream aquatic
environments through effluent discharge (Alexander et al., 2020;
Hembach et al., 2017). Implementing strategies to disrupt these trans-
mission pathways and prevent selection processes can effectively miti-
gate the evolution and spread of antibiotic resistance. Identifying critical
control points in sewer systems is crucial, with special attention to ARGs
against reserve antibiotics, which are detected in intermediate or low
abundances in wastewater systems via genetic detection methods
(Uluseker et al., 2021; Alexander et al., 2022; Hembach et al., 2019).

As an outlook, after further optimization to real-live applications,
modular designs of this aBL photodisinfection could be installed at
critical AMR hotspots for decentralized advanced wastewater treatment.
This can significantly unburden the load of contaminants in wastewater
received by the WWTPs, and safeguarding aging and leaking pipeline
systems. As urban WWTPs are currently ineffective at to fully remove
pathogens, quaternary treatment of WWTP effluents for hygienization,
are urgently required. Through this, the dissemination of AMR de-
terminants through the wastewater system can be reduced, and ulti-
mately lowing the risks for human and animal health. Targeted and
innovative light-based on-site measures relieve downstream wastewater
areas of AMR contamination, reducing their release into the environ-
ment (Mulani et al., 2019).

Since, it was initially a flow reactor for laboratory operation, in
which the operating parameters were set to a maximum operating time
of 4 h (equal to 26 min net irradiation), it can be assumed that an
extension of the actual irradiation time would be even more effective. As
the previously described (Section 2.2.) energy input of our flow aBL-
reactor was already set to maximum. For optimization, this would be
obtained by either increasing the irradiation time (> 4 h) and/or reduce
the total volume of liquid to be irradiated during circulation (< 4 L total
volume). Previous studies with static conditions where significantly
longer irradiation times (>26 min) where achieved, support this hy-
pothesis (Cong et al., 2023). To demonstrate this with a flow reactor, up-
scaling of the apparatus would be required. Decentralized modular
inactivation technologies, such as aBL, would be the preferred inter-
vention at AMR hotspots for combating AMR dissemination through
sewage systems.

3.3. aBL irradiation induced DNA damages

Our goal was to determine whether aBL-mediated irradiation
directly induces DNA lesions. The number of DNA damages per 10 kb
length in bacteria before and after aBL irradiation, alone and combined
with TMPyP or Hy0,, was quantified via qPCR analyses. The qPCR
amplification efficiency (E) and the correlation coefficients for each
sample are presented in Table S5. The results (Fig. 6) show that aBL
irradiation alone caused approximately 10 lesions per 10 kb DNA, while
the combination with TMPyP and Hy0 resulted in about 13 and 12
lesions per 10 kb DNA, respectively. This indicates slightly higher DNA
damage with TMPyP and H-O: additions, though the overlapping error
bars indicate no statistically significant difference between treatments.

More generally, aBL treatment itself is considered low risk for the
development of bacterial resistance and tolerance due to its multitarget
mode of action. This was studied by the tolerance (resistance develop-
ment in E. coli, K. pneumoniae, and P. aeruginosa to aBL. The observed
adaption was a stable feature (Rapacka-Zdonczyk et al., 2021). The
impact of aBL in combination with TMPyP or H2O2 on the tolerance/
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Fig. 6. DNA lesions per 10 kb DNA in the genomic DNA bacterial populations
after aBL irradiation alone, or when combined either TMPyP or H,O,. Columns
present averages of n = 2 lesion measurements after 4 h aBL irradiation (equal
to 26 min effective irradiation). aBL treatments was performed using 420 nm
LED lamps. The statistical significance is indicated by asterisks.

resistance development is so far not clarified. Nevertheless, we observed
a direct or in direct impact on the DNA in bacteria. The resulting
consequence will be studies in a following up project.

UV-C (100-289 nm) is widely used for (waste)water disinfection,
with germicidal effects based on DNA, RNA, and protein absorption at
specific wavelengths, causing molecular damage. The germicidal effect
for many bacteria is achieved at near 254 nm, where DNA has its
maximum absorption (Siil et al., 2009; Jungfer et al., 2007). Lethal
damages, mainly thymine dimers, blocks DNA replication leading to
reproductive cell death. UV-C-induced DNA lesions were quantified in a
UV-C reactor used for drinking water treatment (113.9-114.5mJ cm’z),
with up to 2-3 lesions per kilobase reported (Nocker et al., 2018).
Bacteria have evolved molecular mechanisms, such as photo-
reactivation and dark repair systems, to restore such DNA lesions
regulated by the recA gene (Jungfer et al., 2007).

Opposed to UV inactivation, aBL irradiation activates ROS in the
bacterial cells, targeting various cellular structures and causing lethal
effects. Blue light can cause DNA damage either directly or indirectly.
Lawrence et al. (2018) found that light at 385 nm induced cyclobutane
pyrimidine dimers (CPDs), while 405 nm did not. ROS can target gua-
nine bases in DNA, forming oxidized derivatives like 8-hydroxy-deoxy-
guanosine (8-OHdG). Yoshida et al. (2017) confirmed that singlet
oxygen, a specific ROS, significantly increases 8-OHdG levels in bacte-
rial cells exposed to aBL irradiation. However, there is limited infor-
mation on whether aBL (405-460 nm) induces DNA lesions, requiring
further investigation. Unlike UV-C which primarily causes nucleic acid
alterations and bacteria during evolution developed DNA directed repair
mechanisms against, until now no repair mechanisms are known to
repair the manifold target structures impaired by aBL irradiation (Hadi
et al., 2020). Thus, aBL combined with porphyrin photosensitizer is
expected to be more sustainable.

Although our data does not imply direct DNA damage induced by
aBL, it suggests that it induces indirect DNA damage through ROS
generation. It yet remains uncertain whether Eubacteria’s DNA repair

10
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mechanisms could regenerate damaged DNA. Given that aBL, especially
with TMPyP, has multiple attack points, long-term DNA repair may not
be effective. This suggests that aBL, particularly with TMPyP, poses a
potent challenge for bacterial survival due to the compounded effects on
cellular integrity. The extent to which DNA lesions affect regrowth after
regeneration is a subject of future investigations. Increasing the energy
input is relevant for enhancing the inactivation performance of aBL-
induced processes for contaminated wastewater.

4. Conclusion

This study evaluated the potential and effectiveness of aBL irradia-
tion at 405, 420, and 460 nm in deactivating ARB, FPB, and ARGs in
wastewater effluents from AMR-contaminated WWTP. The reduction of
ARB, FPB, and ARGs was examined under continuous-flow conditions
using an aBL photoreactor, with and without the addition of TMPyP
porphyrin photosensitizers or oxidative agent HyO» to enhance the effect
of aBL irradiation by up to five logjo units.

Among the investigated FPB targets, enterococci were more sensitive
to aBL irradiation than A. baumannii, P. aeruginosa, and E. coli. Among
the ARG targets, ermB, tetM, sull, and blayy, were more sensitive to aBL
irradiation, resulting in significant gene copy number reduction. Addi-
tionally, aBL irradiation induced DNA damage, leading to lesions in the
genomic DNA of treated wastewater. These findings indicate that aBL
irradiation enhanced with photosensitizer and the oxidative agent HyO5
is highly effective for inactivating FPB, ARB, and ARGs in wastewater.
This approach shows promising for decentralized wastewater treatment
at AMR hotspots, providing a viable solution for the mitigation AMR
spread through sewage. Compared to static reactors, the energy input
via parallel-connected aBL LED lamps in continuous-flow reactors is
assumed to be significantly higher, resulting in more effective inacti-
vation. Based on these promising aBL flow reactor results, approaches
for optimizing up-scaling were indicated. Therefore, to enhance intra-
cellular ROS generation and promote increased cell death, the aBL
irradiation should have been combined with additional photosensitizers
or oxidizing agents. Another possible optimization is the up-scaling of
the aBL reactor, where stronger aBL intensities could be used for the
treatment of contaminated wastewaters (i.e. more photoenergy,
different LED lamps in parallel, etc). Such alterations would increase the
effectiveness of aBL when used alone, without phosensitizer or oxidant
addition. Future investigations should also explore the feasibility of
adding photosensitizers or oxidizing agents to aBL treatments, and how
this can be practically implemented in larger scale applications (with
regard to recovery, regeneration, or immobilization).
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