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• The study proposes PDI as a promising 
approach to overcome the limitations of 
the conventional wastewater treatment 
methods. 

• The photosensitizers Methylene Blue 
and cationic porphyrin TMPyP showed 
efficacy in inactivating the enveloped 
RNA-virus. 

• The survival of Daphnia magna increased 
when exposed to the PDI-treated WW 
with MB. • The fading of toxic effects 
are related to the MB irradiation and the 
dilution effect upon WW release into 
environment.  
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A B S T R A C T   

Research has demonstrated the presence of viruses in wastewater (WW), which can remain viable for a long 
period, posing potential health risks. Conventional WW treatment methods involving UV light, chlorine and 
ozone efficiently reduce microbial concentrations, however, they produce hazardous byproducts and microbial 
resistance that are detrimental to human health and the ecosystem. Hence, there is a need for novel disinfection 
techniques. Antimicrobial Photodynamic Inactivation (PDI) emerges as a promising strategy, utilizing photo
sensitizers (PS), light, and dioxygen to inactivate viruses. This study aims to assess the efficacy of PDI by testing 
methylene blue (MB) and the cationic porphyrin TMPyP as PSs, along a low energy consuming white light source 
(LED) at an irradiance of 50 mW/cm2, for the inactivation of bacteriophage Phi6. Phi6 serves as an enveloped 
RNA-viruses surrogate model in WW. PDI experiments were conducted in a buffer solution (PBS) and real WW 
matrices (filtered and non-filtered). Considering the environmental release of the treated effluents, this research 
also evaluated the ecotoxicity of the resulting solution (post-PDI treatment effluent) on the model organism 
Daphnia magna, following the Organisation for Economic Cooperation and Development (OECD) immobilization 
technical 202 guideline. Daphnids were exposed to WW containing the tested PS at different concentrations and 
dilutions (accounting for the dilution factor during WW release into receiving waters) over 48 h. The results 
indicate that PDI with MB efficiently inactivated the model virus in the different aqueous matrices, achieving 
reductions superior to 8 log10 PFU/mL, after treatments of 5 min in PBS and of ca. 90 min in WW. Daphnids 
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survival increased when subjected to the PDI-treated WW with MB, considering the dilution factor. Overall, the 
effectiveness of PDI in eliminating viruses in WW, the fading of the toxic effects on daphnids after MB’ irradiation 
and the rapid dilution effect upon WW release in the environment highlight the possibility of using MB in WW 
PDI-disinfection.   

1. Introduction 

Viruses are obligate intracellular parasites with a protective protein 
capsid that may contain a linear, segmented, or circular genome (single- 
or double-stranded RNA or DNA). This capsid may or may not be 
enveloped by a lipid envelope (Verbyla and Mihelcic, 2015; Tchoba
noglous et al., 2003). Within the spectrum of virus categories, 
RNA-viruses typically have a higher propensity for mutation. The 
elevated mutation rate contributes to the emergence of resistance 
against conventional antiviral treatments and ingrains this resistant 
characteristic within virus populations. Consequently, this phenomenon 
reduces their vulnerability to pharmaceutical interventions (Peck and 
Lauring, 2018; Cann, 2012; Barr and Fearns, 2016; Wargo and Kurath, 
2012). 

Viruses are ubiquitous and persistent in raw and treated wastewater 
(WW) and the receiving water bodies (Corpuz et al., 2020). One of the 
main sources of viruses, including viral pathogens in WW, is human fecal 
matter, particularly that from infected persons (Corpuz et al., 2020). An 
infected person can shed 105 to 1012 viral particles per gram of fecal 
matter, belonging to more than one hundred known species (Verbyla 
and Mihelcic, 2015; Courault et al., 2017; Corpuz et al., 2020). Enteric 
viruses, such as Norovirus, Adenoviruses, Hepatitis viruses, Rotavirus, 
Enterovirus, Poliovirus, and Coronavirus, are the most detected in WW 
(Verbyla and Mihelcic, 2015; Courault et al., 2017; Corpuz et al., 2020). 
After undergoing treatment in WW treatment plants, various viruses can 
still persist in the treated WW effluent. The water bodies that receive 
these treated WW are often used for recreational activities and agri
culture and as a source of raw water for drinking water production 
(Helmecke et al., 2020; Bhagwat, 2019). 

Due to the lack of water resources or implemented water reuse pol
icies, many countries use this treated WW only for irrigation of agri
cultural land, while the resultant sludge is used as fertilizer (Courault 
et al., 2017; Radi et al., 2019). The viruses present in these waters will, 
therefore, be deposited in agricultural areas, where they can survive due 
to their resistance capacities, thus becoming an increased risk to public 
health, either by the migration of viruses in the soil and consequent 
contamination of water bodies, or even by the consumption of 
contaminated agricultural products (Gholipour et al., 2022; Lahrich 
et al., 2021). 

The presence of a wide diversity of viruses and their high concen
trations highlights the importance of viruses control and removal in WW 
treatment (Li et al., 2023; Kilaru et al., 2023; Lanrewaju et al., 2022). 
Although tertiary-phase disinfection treatments may be already used in 
some circumstances, they can incur high costs (e.g., ozonation) (Cha
voshani et al., 2020), prove harmful to aquatic life, and trigger genetic 
alterations to microorganisms (e.g., chlorination and UV treatments) 
(Pang et al., 2016). Hence, it is crucial to consider the advancement of 
novel and secure technologies for the disinfection of WW. 

Photodynamic Inactivation (PDI) stands out as an alternative ther
apy, using photosensitizers (PSs) able to target specific microorganisms 
and consequently limiting the toxic effect on their cellular components 
(Dai et al., 2012). PDI has proven effective in destroying microorgan
isms, namely viruses (Costa et al., 2008; 2012; Carvalho et al., 2007), 
having as targets the microbial external structures by irreversible 
damage (Alves et al., 2014). 

The purpose of the presented study was to evaluate if PDI can be 
considered an adequate approach for the inactivation of RNA-viruses in 
WW, using the bacteriophage Phi6 as a surrogate model in WW. 
Bacteriophage Phi6, a virus belonging to the Cystoviridae family, has 

proven to be a good surrogate model for enveloped RNA-viruses, 
including Coronavirus (Gonzalez et al., 1977; Lytle et al., 1991). 

The PDI assays were performed with a low-energy consuming light 
source, a light-emitting diode (LED), and using two structurally different 
positively charged PSs: the phenothiazine methylene blue (MB) and the 
porphyrin derivative 5,10,15,20-tetrakis(1-methylpyridinium-4-yl) 
porphyrin tetraiodide (TMPyP). The PDI tests were performed in 
different aqueous matrices with different composition complexity: 
phosphate buffered-saline (PBS), filtered WW and non-filtered WW. 
These positively charged PSs were selected for their proven efficacy in 
inactivating different microorganisms, including viruses. Additionally, 
the potential toxic effects of the resulting PDI-treated WW were assessed 
using Daphnia magna, a well-established model organism for ecotoxicity 
testing. This evaluation aimed to assess the treated effluent’s safety 
considering its potential environmental discharge. 

2. Material and methods 

In the present study, conducted to assess the efficacy of PDI against 
an RNA-model virus, bacteriophage Phi6, three different types of 
matrices were used: (1) PBS solution, used as a standard solution, but 
crucial for understanding the performance and effectiveness of the PS in 
a medium without organic matter; (2) filtered WW; and (3) raw WW 
(non-filtered). The assays with the two WW matrices (filtered and non- 
filtered) were performed to approach the reality of a WW treatment 
plant (WWTP) and to evaluate the impact of particulate and dissolved 
organic matter on the efficiency of PDI. For the WW filtration, 0.22 μm 
porosity filters were used to reduce the amount of particulate organic 
matter and the number of natural microorganisms present in the WW, 
focusing on the inactivation of the selected virus, the bacteriophage 
Phi6. Ecotoxicity tests were performed on the model organism Daphnia 
magna, to investigate the safety of PDI-treated WW concerning the 
remaining presence of PS in the WW after PDI treatment, according to 
the Organisation for Economic Cooperation and Development (OECD) 
guideline 202 (OECD, 2004). 

2.1. Wastewater samples collection and preparation 

The WW samples were collected at a WWTP after undergoing a 
secondary treatment phase. The chosen WWTP serves a wide 
geographical area, receiving WW from domestic, hospital, and industrial 
environments, located in the littoral centre of Portugal. The 24 h com
posite samples, representative of the entire working day (representing a 
24-h variation of the WW composition), were collected on different 
days, in the morning at the same time on the day, around 10 a.m. During 
transport and laboratory processing, samples were protected from light 
and refrigerated at 4 ◦C until further use (within a maximum period of 
one week). Before each assay, the WW samples were let warm up to 
room temperature, and, in the case of PDI assays in the WW filtered 
matrice, the collected secondary treated WW samples were filtered by 
0.22 μm pore mixed cellulose ester (MCE) membrane (Millipore, Bed
ford, MA, USA). 

2.2. Biological entities and culture conditions 

2.2.1. Bacterial strain and growth conditions 
Pseudomonas sp. DSM 21482 (Leibniz-Institute DSMZ—Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunsch
weig, Germany) was used as the bacterial host of phage Phi6. 
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Pseudomonas sp. cells were cultivated under controlled and optimum 
growth conditions, at 25 ◦C for 18 h, under 120 rpm orbital shaking, in 
medium Tryptic Soy Broth (TSB; Liofilchem, Roseto degli Abruzzi, TE, 
Italy). After overnight growth, bacterial glycerol stocks (10% glycerol) 
were prepared and stored at − 80 ◦C. Before each experiment, a bacterial 
stock was aseptically inoculated into 30 mL of fresh TSB. The sample was 
incubated overnight as described above, until reaching a viable cell 
density of approximately 108–109 colony-forming units per milliliter 
(CFU/mL). 

2.2.2. Phage Phi6 preparation and enrichment 
Phage Phi6 DSM 21518 (Leibniz-Institute DSMZ—Deutsche Samm

lung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, 
Germany) suspensions were obtained from a phage stock prepared in SM 
buffer (0.1 M NaCl, 8 mM MgSO4, 20 mM Tris-HCl, 2% (w/v) gelatin, pH 
7.5; Sigma, St. Louis, MO, USA) using the bacterium Pseudomonas sp. as 
host: aliquots of Phi6 phage stock (2.0 mL) and overnight grown bacteria 
suspension of Pseudomonas sp. (1.0 mL) were added to 50 mL of SM 
buffer and incubated under orbital shaking (60 rpm), overnight, at 
25 ◦C; the preparation was centrifuged at 12,000×g for 10 min, and the 
obtained supernatant was filtered through a membrane with a pore size 
of 0.22 μm (Merck Millipore, Darmstadt, Germany) to remove the 
remaining bacterial debris or intact bacteria. 

The Phi6 phage titer was determined by the double-layer agar 
method and the phage suspension was maintained at 4 ◦C: successive 
dilutions of the phage suspension were made in PBS (137 mM NaCl, 2.7 
mM KCl, 8.1 mM Na2HPO4⋅2H2O, 1.76 mM KH2PO4, pH 7.4; Sigma, St. 
Louis MO, USA), and to 5.0 mL of the TSB 0.6% top agar layer were 
added 500 μL of the Phi6 phage and 200 μL of Pseudomonas sp. sus
pensions, which were placed on a Petri plate with Tryptic Soy Agar (TSA; 
Liofilchem, Roseto degli Abruzzi, TE, Italy). The plates were incubated 
for 18 h at 25 ◦C and formed plaques expressed as plaque-forming units 
per milliliter (PFU/mL); phage stock suspension was calculated to be 
1010 PFU/mL. 

A spot test was performed to confirm the Phi6 phage stock purity: 
5.0 mL of the TSB 0.6% top agar layer with 200 μL of bacteria suspension 
was added to a plate with TSA, and after, 20 μL of the phage stock was 
added. The plate was incubated as described above. 

2.3. Photodynamic Inactivation (PDI) treatments 

The first assays concerning the efficiency of Phi6 phage photo
inactivation with MB and TMPyP were assessed at a PS concentration of 
5.0 μM in PBS. Then, solely MB was used to further PDI assays (also at a 
concentration of 5.0 μM) in both filtered- and non-filtered (raw) WW. 
The PDI efficiency was assessed by quantification of viral particles (PFU/ 
mL) along the time of PDI assays. 

Suspensions of Phi6 phage at a concentration of ca. 109 PFU/mL 
were prepared in the three aqueous matrices used (PBS, filtered WW, or 
raw WW) from the previously prepared phage stock suspension (at a 
concentration of 1010 PFU/mL). The appropriate volume of this newly 
prepared phage suspension was added to 6-well plates. In each assay, the 
samples (Phi6 phage + PS + light), light controls (Phi6 phage + light), 
and dark controls (Phi6 phage + PS – light) were prepared in parallel at 
a final volume of 5.0 mL per well. Appropriate volumes of MB or TMPyP 
were added to the samples and dark controls to reach a final concen
tration of 5.0 μM. The plates were then incubated in the dark for 10 min, 
and magnetically stirred to enable the interaction of the PS with the viral 
particles. After this incubation period, the 6-well plates containing 
samples and light controls were exposed to white light at 50 mW/cm2 

irradiance and kept under agitation during the PDI assays. Dark controls 
were protected from light. After predetermined assay times (0, 5, 10, 15, 
30, 45, 60, and 90 min), aliquots of 100 μL were collected from each well 
and ten-fold diluted in PBS. Then, for Phi6 phage survival monitoring, 
aliquots of the previous suspension (10 μL) were drop-plated in triplicate 
in Petri dishes, previously prepared with TSA and a layer of TSB 0.6% 

top agar layer with the phage host Pseudomonas sp. (detection limit of 
the platting method to 2.0 log10 PFU/mL). At least three independent 
assays were performed for each condition. 

2.3.1. Photosensitizers 
A stock solution of methylene blue (MB, CAS 122965–43–9, Sigma- 

Aldrich/Merck KGaA, Darmstadt, Germany) (Fig. 1A) was prepared at 
500 μM in PBS, while for the tetracationic porphyrin 5,10,15,20-tetrakis 
(1-methylpyridinium-4-yl)porphyrin tetraiodide (TMPyP) (Fig. 1B), a 
stock solution at 500 μM was prepared in dimethylsulfoxide (DMSO). 
The preparation and purification of TMPyPwere conducted following 
the methods outlined in the literature (Simões et al., 2016), and its 
purity was confirmed through thin-layer chromatography and NMR 
analysis (Simões et al., 2016). Both PS stock solutions were stored in the 
dark, at room temperature, until further use. Before each assay, each 
stock solution was sonicated for 5 min at room temperature (ultrasonic 
bath, Nahita 0.6 L, 40 kHz). 

2.3.2. Irradiation conditions in the PDI assays 
In the PDI assays, after the pre-incubation period of the PS in the dark 

(10 min), the samples were exposed to white light (400–700 nm) pro
vided by LED lamps (EL®MARK, 20 W, ~230 V and ~50 Hz) at an 
irradiance of 50 mW/cm2, measured with a power meter (model 
FieldMaxII-Top, Coherent, Santa Clara, CA, USA) connected to a high- 
sensitivity thermopile sensor (model PS19Q, Coherent, Santa Clara, 
CA, USA). 

2.4. Ecotoxicity assays on Daphnia magna 

2.4.1. Test organism and culture conditions 
The model organism D. magna Straus clone K6 (originally from 

Antwerp, Belgium) was obtained from a maintained continuous culture 
and was cultured in the American Society for Testing and Materials 
(ASTM) moderated-hard-water medium (ASTM medium) within a 
temperature range of 20 ± 1 ◦C, and a 16-h light – 8-h dark photoperiod. 
Twenty daphnids were maintained in 1.0 L glass beakers containing 0.8 
L of ASTM culture medium. The culture medium was renewed three 
times a week. Daphnids were fed with Raphidocelis subcapitata at a 
concentration of 3 × 105 cells/mL and supplemented with the Marinure 
seaweed extract (Glenside Organics Ltd). The acute tests were performed 
with D. magna neonates from the third to fifth broods. 

2.4.2. Safety PDI-treated samples evaluation 

2.4.2.1. Sample conditions 
2.4.2.1.1. MB and TMPyP solutions at 10 μM. In order to evaluate 

the safety of PDI-treated samples, the first ecotoxicity assays were per
formed using each PS (MB or TMPyP) at a concentration two times 
higher (10 μM) than the one used in PDI assays for the inactivation of the 
viral particles (5.0 μM); these samples were prepared in the daphnids 
medium culture ASTM. The experimental design in this primary phase 
included the following PDI-treated samples and controls:  

(i) Negative control (ASTM)  
(ii) Solvent (DMSO) control (2%)  

(iii) MB in ASTM (10 μM) (non-irradiated)  
(iv) TMPyP in ASTM (10 μM) (non-irradiated)  
(v) PDI treatment with MB (10 μM) (irradiated)  

(vi) PDI treatment with TMPyP (10 μM) (irradiated) 

2.4.2.2. MB solutions at 5.0 μM with consequent dilutions. In order to 
meet a realistic scenario of treated WW discharge into the natural 
receiving waters, the concentration of MB in each PDI-treated sample 
was posteriorly reduced to 5.0 μM using raw WW and then further 
diluted in ASTM medium (1:2, 1:10, 1:100; and 1:1000) immediately 

M. Bartolomeu et al.                                                                                                                                                                                                                           



Chemosphere 361 (2024) 142421

4

before the beginning of the acute immobilization tests (section 2.4.4). 
This dilution series allowed to simulate the potential dilution upon 
effluent discharge in an aquatic ecosystem. The PDI-treated experi
mental setup obtained in this secondary phase considered:  

(i) Negative control (ASTM)  
(ii) Wastewater (WW)  

(iii) MB in WW (5.0 μM) 1:1 (non-irradiated)  
(iv) MB in WW (5.0 μM) 1:2 (non-irradiated)  
(v) MB in WW (5.0 μM) 1:10 (non-irradiated)  

(vi) MB in WW (5.0 μM) 1:100 (non-irradiated)  
(vii) MB in WW (5.0 μM) 1:1000 (non-irradiated)  

(viii) PDI treatment with MB in WW (5.0 μM) 1:1 (irradiated)  
(ix) PDI treatment with MB in WW (5.0 μM) 1:2 (irradiated)  
(x) PDI treatment with MB in WW (5.0 μM) 1:10 (irradiated)  

(xi) PDI treatment with MB in WW (5.0 μM) 1:100 (irradiated)  
(xii) PDI treatment with MB in WW (5.0 μM) 1:1000 (irradiated) 

2.4.3. Irradiation conditions 
The prepared samples were exposed to solar irradiation for 3 h, with 

light irradiance ranging from 75.0 to 95.0 mW/cm2, and UV index be
tween 3.5 and 6 – the irradiated samples and controls. Solar irradiance 
and the UV index were monitored through the meteorology website 
CliM@UA of the University of Aveiro, where the tests were carried out. 
In parallel, samples and controls were prepared at the same conditions 
as the irradiated samples but kept in the dark during the above- 
described procedure – the non-irradiated samples and controls. After 
the irradiation period, the samples were frozen at − 20 ◦C until further 
use. 

2.4.4. Ecotoxicity acute tests 
The acute immobilization tests were performed according to the 

OECD 202 guideline (OECD, 2004). D. magna neonates with less than 24 
h were used to initiate the tests. The experimental setup consisted of 
three replicates of five neonates for every treatment and control. Neo
nates were exposed to previously prepared PDI-treated samples and 
control solutions for 48 h with no food supplied. Daphnids were 
observed for immobilization at 24 h and 48 h after the test start, and the 
number of immobilized organisms was recorded. In these assays, or
ganisms that did not respond to gentle agitation of the test beakers were 
considered immobile. 

2.5. Statistical analysis 

Statistical analysis of the data was performed using GraphPad Prism 
software. The normal distribution of the data was assessed by Shapiro- 

Wilk test. The significance of viral particle concentration between 
treatments and across experiments was assessed using ANOVA analysis 
of variance and Tukey’s multiple comparisons test. A value of p < 0.05 
was considered significant. Three independent experiments were per
formed in duplicate for each test. 

3. Results 

3.1. PDI assays 

3.1.1. PDI assays in PBS 
The results obtained in the PDI assays towards bacteriophage Phi6, 

using PBS as the aqueous matrice, and with both PSs, MB and TMPyP, at 
a concentration of 5.0 μM, are shown in Fig. 2. In the PDI assays per
formed with MB, a decrease in the concentration of the bacteriophage 
(ca. 9.0 log PFU/mL) up to the detection limit of the platting method 
(2.0 log PFU/mL) was attained after ca. 5 min of treatment (p < 0.05) 
(Fig. 2A). When TMPyP was tested as PS, the detection limit of the 
method for Phi6 phage content was reached within 10 min of treatment 
(Fig. 2B). 

The bacteriophage concentration remained constant throughout the 
experiment in light (LC) and dark (DC) controls. This indicates that the 
viral particles were not affected when exposed to white light in the 
absence of PSs (LC) or in the presence of PS without light irradiation 
(DC) (p > 0.05). 

3.1.2. PDI assays with MB in filtered and raw (non-filtered) WW 
Fig. 3A presents the results of PDI assays conducted with MB in WW 

samples collected on different days and subsequently filtered. The 
findings reveal that the use of white light (LED) at an irradiance of 50 
mW/cm2 in combination with MB at a concentration of 5.0 μM, resulted 
in the inactivation of at least 6.0 log10 PFU/mL in bacteriophage content 
after 90 min of treatment (p < 0.05). 

Again, the bacteriophage content on light and dark controls showed 
no significant changes (p > 0.05), confirming that the bacteriophage 
viability was not directly affected by light nor by MB in the absence of 
light. 

Fig. 3B represents the outcomes from PDI assays conducted in non- 
filtered wastewater. These results show that after 90 min of sample 
exposition to white light (LED) at an irradiance of 50 mW/cm2) in the 
presence of MB at a concentration of 5.0 μM, there was a reduction in 
bacteriophage content up to the detection limit of the method, approx
imately 8.0 log PFU/mL (p < 0.05). 

In the case of light and dark controls, there was no significant 
decrease in bacteriophage content. This outcome confirms that phage 
viability was not directly affected by light nor by the presence of MB (at 

Fig. 1. Photosensitizers assessed in this study.  
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5.0 μM) under dark conditions (p > 0.05). 

3.2. Ecotoxicity of PDI-treated WW in Daphnia magna 

3.2.1. Acute toxicity assays with PSs in ASTM 
Fig. 4 shows the survival of Daphnia magna after being exposed to PS 

solutions containing the two PS under study, MB and TMPyP. The re
sults indicate that both irradiated and non-irradiated solutions in the 
presence of TMPyP at 10 μM exhibited toxic effects on daphnids, leading 
to a 100% mortality rate after 24 h of exposure to the TMPyP solutions 
(respectively Fig. 4B and A). To account for potential solvent effects 
originating from the TMPyPstock solution (2%), an experiment was 

conducted using 2% DMSO under similar conditions. The results indi
cated that DMSO at 2% concentration did not exhibit toxicity to 
daphnids. 

The results obtained with MB showed that the daphnids survival rate 
was influenced by PS irradiation (PDI simulation) (Fig. 4). After 24 h of 
exposure to previously irradiated MB solution, the survival rate of the 
daphnids was ca. 87%, reaching 20% after 48 h (Fig. 4B). Consequently, 
under these conditions, MB seems to be less toxic than TMPyP. How
ever, under no irradiation, the MB solution presented similar toxicity to 
the TMPyP, where total mortality was observed after 24 h of exposure 
(Fig. 4A). 

Fig. 2. Inactivation of bacteriophage Phi6 in PBS using (A) MB and (B) TMPyP at a concentration of 5.0 μM, exposed to white light (LED) at an irradiance of 50 mW/ 
cm2. Data points represent the average of three independent experiments in duplicate and error bars represent the standard deviation. Lines just combine experi
mental points. 

Fig. 3. Inactivation of bacteriophage Phi6 in 0.22 μm pore size filtered WW (A), and in non-filtered WW (B) samples collected in different days using MB at a 
concentration of 5.0 μM, and exposed to white light (LED) at an irradiance of 50 mW/cm2. Data points represent the average of three independent experiments in 
duplicate and error bars represent the standard deviation. Lines just combine experimental points. 

Fig. 4. Survival of Daphnia magna exposed for 48 h to (A) non-irradiated (B) irradiated PS solutions of MB and TMPyP at a concentration of 10 μM. D. magna 
survival was also assessed in DMSO at the same concentration used on the TMPyP assays (2%). Data represent the average of three independent assays with five 
daphnids per experiment. 

M. Bartolomeu et al.                                                                                                                                                                                                                           



Chemosphere 361 (2024) 142421

6

3.2.2. Acute toxicity assays with PDI-treated WW with MB and dilution 
effect 

The toxicity of untreated WW as well as PDI-treated WW at a con
centration of 5.0 μM (1:1) and subsequent dilutions (1:2, 1:10, 1:100, 
and 1:1000) of this initial MB solution were tested on daphnids (Fig. 5). 
Regarding WW toxicity per se towards the daphnids, no toxic effect was 
detected after 48 h of exposure, remaining a survival rate of 100%, 
which indicates that WW by itself was non-toxic to the neonates. The 
results from the non-irradiated MB solution at 5.0 μM (1:1) and after 48 
h of exposure (Fig. 5A) showed similar toxicity (0% survival rate) to that 
observed in the previous assays with MB at a concentration of 10 μM in 
ASTM medium. However, after the same exposure period (48 h), the 
toxicity was lower for the treatments where the initial MB solution was 
diluted. While the survival rate was ca. 7% for the 1:2 dilution, it 
increased to 93% for the 1:10 dilution and to 100% for the dilutions 
1:100 and 1:1000. At 24 h, the survival rates of daphnids exposed to 
non-irradiated MB solutions were 100% from the 1:10 to the 1:1000 
dilutions. 

When exposed to irradiated MB solutions simulating PDI-treated 
WW (Fig. 5B), a high toxicity towards the daphnids was still observed, 
particularly in the less diluted conditions: 1:1 and 1:2 dilution, with 
survival rates of ca. 13% and 33%, respectively, after 48 h of exposure. 
On the other hand, in the case of daphnids’ exposure to irradiated MB 
solutions simulating PDI-treated WW, survival rates were consistently 
100% from the 1:10 to the 1:1000 dilutions for both time points. 

4. Discussion 

The rising worry about antibiotic resistance and viral mutation rates 
demands the development of alternate WW disinfection techniques. 
When viruses are introduced into natural water sources for drinking, 
recreational, or irrigation, they can cause serious public health risks. 
Photodynamic inactivation appears as an appealing technique due to its 
wide efficiency against bacteria, viruses, and other pathogens. This 
study investigates the environmental and public health implications of 
PDI used for WW disinfection, including its potential for viral inactiva
tion during WW treatment before discharge into natural water bodies. 

WW disinfection plays a vital role in protecting public health by 
eliminating harmful pathogens before their release into the environ
ment. However, the methods currently employed often have unintended 
consequences, raising concerns about their ecotoxic effects. Chlorina
tion remains the most widely used disinfection method due to its 
effectiveness and cost-effectiveness. However, its reaction with organic 
matter naturally present in WW produces known disinfection by- 
products like trihalomethanes and haloacetic acids (Nieuwenhuijsen 
et al., 2009). These disinfection by-products are suspected carcinogens 
and have been linked to adverse health effects in humans (Nieu
wenhuijsen et al., 2009). Alternative disinfectants like ozone and UV 

irradiation offer advantages over chlorine in terms of disinfection 
by-products formation. However, they are not without their drawbacks: 
ozone, though a powerful disinfectant, can decompose into oxygen 
rapidly, reducing its effectiveness in large treatment facilities (Epelle 
et al., 2023). While UV irradiation has limited penetration, potentially 
leaving pathogenic microorganisms viable (Kauser et al., 2019). The 
environmental hazard of current disinfection methods extend beyond 
by-products formation: chlorine disinfection can lead to the discharge of 
chlorine residuals or resistant microorganisms, bringing toxicity to 
aquatic life, impacting sensitive aquatic species and, consequently, 
disrupting the ecological balance. The quest for an environmentally 
friendly and efficient WW disinfection method continues. Promising 
alternatives like membrane filtration and PDI are gaining traction. 
Membrane filtration physically removes pathogens without chemical 
byproducts, while PDI utilizes light and PSs to inactivate microorgan
isms, offering broad-spectrum efficacy and, from what is known to date, 
minimal negative environmental impact. 

In this sense, the principal aims of this study were: i) to evaluate the 
efficiency of PDI in the inactivation of viruses, using the RNA-virus 
model phage Phi6, in WW using as PS the phenotiazinium dye MB 
and the tetracationic porphyrin TMPyP; and ii) to estimate the hazard 
associated to the release of PS solutions subjected to the previous PDI 
protocol by evaluating their ecotoxicity to the model organism D. magna. 

The results obtained with the preliminary PDI tests performed in PBS 
demonstrated that both PSs can photoinactivate the phage Phi6 until the 
detection limit of the method, but the fastest response was obtained with 
MB (Fig. 2). This fact prompted us to select the phenotiazinium dye MB 
for the additional PDI-treatments performed in filtered and non-filtered 
WW (Fig. 3A and B). Even so, in the preliminary ecotoxicity evaluation 
using the model organism D. magna, the tests were performed with both 
PSs, MB and TMPyP, and, to achieve robust results, these assays were 
performed with the PS concentration two times higher than the one used 
in PDI experiments. Since the irradiated PS-treated effluent with TMPyP 
exhibited higher toxicity levels towards daphnids than MB, acute 
toxicity tests at different dilution levels were conducted exclusively with 
the phenotiazinium MB. This will allow an estimation of effects under an 
expected dilution upon the release of WW effluents into aquatic systems. 

Despite confirming the presence of various RNA viruses in WW 
(Corpuz et al., 2020; Lahrich et al., 2021; Okoh et al., 2010; Courault 
et al., 2017; Ali et al., 2021), studies of their survival time and infec
tiousness in this type of environment are still lacking. So, prevention is 
the best strategy to be adopted to reduce the risks of exposure and 
transmissibility by this route into receiving waters. Although currently 
used disinfection processes, such as chlorination, are capable of inacti
vating viruses in WW, it may imply the overdosage of chlorine, and the 
generation of high levels of toxic by-products causing risks to human 
health and the environment (Gerba et al., 2013). 

The hypothesis that PDI can be effective against viruses in WW 

Fig. 5. Survival of Daphnia magna exposed for 48 h to (A) non-irradiated and (B) irradiated MB solutions at the concentration of 5.0 μM and its dilutions of 1:2, 1:10, 
1:100, and 1:1000. Data represent the average of three independent assays with five daphnids per experiment. 
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treatment has recently gained support (Bartolomeu et al., 2022; Vieira 
et al., 2019; Bartolomeu et al., 2021). The efficiency of viral PDI, as in 
the inactivation of other microorganisms, has already been shown to be 
effective in inactivating microorganisms in WW. The efficient applica
tion of PDI in the inactivation of viruses in WW has been demonstrated 
using cationic porphyrins against T4-like bacteriophage (used as a 
model of non-enveloped mammalian DNA-viruses) in WW (Costa et al., 
2012, 2011). Non-enveloped viruses have been shown to be more 
difficult to inactivate than their enveloped counterparts [48]. 

Studies carried out with MB have shown that this PS can also be 
effective against viruses in different and complex matrices, namely in 
blood and their components (Floyd et al., 2004; Wainwright and 
McLean, 2017; Faddy et al., 2019). The few studies available in the 
literature on the application of PDI in WW with MB, include its potential 
against fecal bacteria (e.g., Enterococcus sp., E.coli), proving the ability of 
MB to inactivate efficiently bacteria in WW (Sabbahi et al., 2010; Jemli 
et al., 2002). 

A study conducted by Gerba et al. (1977) assessed the ability of MB 
to inactivate Poliovirus in WW. This study showed that MB was able to 
inactivate Poliovirus. The authors tested MB at a concentration of 13 μM 
with red light (670 nm) at an irradiance of 2.0 mW/cm2. A reduction of 
more than 90% (>1 log of reduction) in the virus titer was achieved after 
approximately 5 min of light exposure. However, this result was ob
tained with a significantly extended pre-incubation period (~18 h) with 
MB in the darkGerba et al., 1977). 

These results agree with the present study regarding the inactivation 
of viruses in WW by PDI with MB, in which this PS proved to be efficient 
in inactivating the bacteriophage at a concentration of 5.0 μM. After 5 
min of white light irradiation, the inactivation of the Phi6 phage was 
superior to 90% (>1 log of reduction) in filtered WW and higher than 
99.9% (>3 log reduction) in non-filtered WW. In both WW matrices, 
extending the PDI-treatment to 90 min resulted in the inactivation of 
bacteriophage to the detection limit of the method, reaching an inacti
vation of 8.0 log PFU/mL. It is important to highlight that, in this study, 
a lower concentration of MB was used (5.0 μM), which predicts a 
reduction of the environmental risk. 

As it was already described, viruses with a lipidic envelope (envel
oped viruses) tend to be more susceptible to PDI than their non- 
enveloped counterparts, suggesting that the external structures, such 
as the envelope, are the main targets of PDI. Damage to these external 
structures promotes the leakage of viral content (Ayala et al., 2008; 
Costa et al., 2011; Ke et al., 2014; Wu et al., 2015). Ye et al. (2018) also 
showed that enveloped viruses are more susceptible to PDI (Ye et al., 
2018), and Korneev et al. (2019) demonstrated that PDI-induced dam
age on surface glycoproteins from the influenza H5N8 virus (an envel
oped RNA-virus like bacteriophage Phi6), making it non-infectious and 
inactivating the virus completely (Korneev et al., 2019). 

The higher efficiency of MB in the controlled aqueous matrice (PBS) 
used to establish the PDI protocol, when compared with its efficiency in 
the WW matrices (filtered and non-filtered) to simulate the environment 
in a WWTP, can be associated with the presence of organic matter in 
these WW matrices. Alves et al. (2014) suggested that the diffusion of 
singlet oxygen (1O2) or other reactive oxygen species (ROS), produced 
upon irradiation in the presence of MB, depends on the type of envi
ronment/matrice in which the PDI treatment is being performed (Alves 
et al., 2014). Therefore, the amount of organic matter in the WW can 
influence the 1O2 diffusion rate. Also, we have previously highlighted 
that organic matter particles can quench the ROS or even adsorb the PS 
(Bartolomeu et al., 2021). As a consequence, the availability of PS to 
generate ROS can decrease, potentially leading to less efficient inacti
vation of viruses in WW. However, we have also demonstrated that 
multiple factors influence the efficiency of PDI-treatment in WW, such as 
pH, dissolved dioxygen, electrical conductance, or total dissolved solids 
(Bartolomeu et al., 2023), among others (Almeida et al., 2014). 
Although the presence of particulate organic matter in suspension in raw 
WW (non-filtered) could conduct to adsorption of the MB molecules, it is 

also known that some organic matter present in WW can improve the 
generation of ROS (Filipe et al., 2017). Therefore, PDI-treatment may be 
more efficient in raw WW matrices than in less complex matrices (Bar
tolomeu et al., 2023). 

Direct comparison of the results obtained in this study with those 
from previously mentioned studies is not possible due to differences in 
the tested PDI conditions and the models of the microorganisms used. 
However, studies on PDI against enveloped RNA-viruses have demon
strated that photoinactivation can be a successful approach, regardless 
of the PS or the light source used (Costa et al., 2012). This strongly 
suggests that this approach can be effective in the inactivation of 
RNA-viruses, alongside other microorganisms. 

In order to develop a safe WW disinfection protocol, it is critical to 
investigate if PDI-treated effluents would affect aquatic organisms from 
the receiving WW. In the present study, the acute toxicity of the two PSs, 
MB and TMPyP, was performed in WW after being subjected to a PDI- 
treatment, using D. magna, a recognized model species in ecotoxico
logical evaluations. For these preliminary tests on the toxicity of both 
PSs (MB and TMPyP), the assays were performed at higher concentra
tions than the one used in the photodynamic treatment tests for two 
reasons: (i) to obtain more robust results on the level of toxicity of the 
PSs tested; (ii) eventually consider testing these PSs at higher 
concentrations. 

The acute toxicity tests of this study revealed high levels of toxicity 
when both PSs were tested at the higher concentration of 10 μM, with 
the porphyrin TMPyP demonstrating to be more toxic than MB towards 
the daphnids, principally in the assays performed in the irradiated 
samples (Fig. 4). 

The WW previously subjected to secondary-phase treatment in a 
WWTP tested in the daphnids acute test showed a 100% survival rate 
after 24 h and 48 h exposure, indicating a lack of toxicity of the 
secondarily-treated WW. These results are in line with a previous study 
carried out by Serra (2019), where the potential of the crustacean 
D. magna as a bioindicator of toxicity for domestic WW to be treated with 
another testing procedure (peracetic acid) was also evaluated (Serra, 
2019). In that study, toxicity tests were carried out also on secondarily 
treated WW, pre-treated in a WWTP (Serra, 2019). The results showed 
that the exposure of the organism to the secondary effluent, without 
further disinfection procedures, did not result in mortality or immobility 
of the daphnids. 

The lower toxicity of MB relative to the TMPyP after the irradiation 
protocol can be associated with its photodegradation. Kurşun et al. 
(2019) evaluated the acute toxicity of WW with MB towards D. magna in 
a study aiming to promote MB degradation in water samples. These 
authors obtained similar results regarding the MB toxicity at 10 μM, and 
the diminishing toxicity after photocatalytic degradation of MB (Kurşun 
et al., 2019). Also, Çifçi (2016) had previously demonstrated decreased 
toxic effects on daphnids exposed to MB solutions after MB degradation. 
However, when daphnids were exposed to the PSs MB and TMPyP in the 
dark, some toxicity was observed with both PSs. As the PSs were not 
activated by light, the resulting toxic effects towards daphnids should be 
related to the physicochemical characteristics of the PSs, and the 
sensitivity of the daphnids to these chemicals. The amphiphilic prop
erties of the PSs, especially of TMPyP, can lead to interactions and 
eventual cell membrane disruption in daphnia tissues, originating 
cellular contents leakage and electrolyte imbalance. Also, the PSs can 
bind to cellular components, including DNA, enzymes, and proteins 
involved in essential processes (Ramos et al., 2021; Almeida et al., 2015; 
Alves et al., 2014), disrupting normal cellular activities and potentially 
leading to negative effects on growth and reproduction. Additionally, 
PSs can accumulate in Daphnia’s gills, interfering with the diffusion of 
dioxygen across the gill membranes hindering respiration. 

Regarding the exposure of the daphnids to the previously irradiated 
WW-PDI treated, toxicity is dependent of time and concentration of 
exposure. Therefore, it is expected that toxicity increases from the 24 h 
period to the 48 h period. The increased toxicity of MB towards 
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daphnids after 48 h compared to 24 h exposure may involve a combi
nation of factors, such as the bioaccumulation of MB and potentially 
generated degradation products, since daphnids continuously filter 
water, potentially accumulating MB, leading to higher internal con
centrations of MB after 48 h compared to 24 h. Also, exposure to MB and 
its effects over 24 h might weaken daphnids’ physiological state, and a 
weakened state of the daphnids may lead to a more susceptible state to 
further damage from MB and its potential degradation products, 
resulting in a more pronounced toxic effect after 48 h of exposure. 
Nevertheless, it is worth noting that the toxicity of the irradiated MB 
solution demonstrated to be much lower for the daphnids compared to 
the non-irradiated MB solution at both time points. 

Furthermore, it is important to focus on the pronounced dilution 
effect that treated effluents suffer immediately after their release into 
receiving water bodies. The ecotoxicity results show that at a dilution of 
1:10 and higher dilutions (till 1:1000), no ecotoxic effect was observed 
as the concentration of MB in the diluted samples was much lower. 

The mixing behaviour of the effluent during the wastewater 
discharge in the receiving environment is highly dependent on the water 
depth, current, effluent vs. receiving water densities, and also on the 
design of the outfall (Campos et al., 2022). When the effluent release 
occurs in freshwater bodies, such as rivers, the mixing process is also 
influenced by the morphology of the stream channel and the river flow 
rate (Abily et al., 2021; Campos et al., 2022). Given the high number of 
variants influencing the prediction of the dilution factor of the effluent 
in freshwater, we will rely on a modelling regarding the marine envi
ronment by Ramos and Neves (Ramos and Neves, 2009). These authors 
monitored the WW discharge occurring through an underwater sewage 
outlet (in the central coastal region of Portugal), and presented predic
tive mathematical models based on the effluent behavior close to the 
source of flow and the behavior of the effluent far from the source of 
flow, being able to map the plume’ dispersion and its dilution (Ramos 
and Neves, 2009). Moreover, ocean currents play an important role in 
the effluents’ dispersion of in receiving waters: in the given submarine 
WW pipe, at a depth of ca. 15 m, the average discharge flow rate is about 
0.8 m3/s, resulting in an estimated dilution rate greater than 30 at the 
initial mixing zone (between 15 and 11 m depth), with the plume 
dilution being estimated to be higher than 300 with the rise in the water 
column up to 8 m depth (Ramos and Neves, 2009). 

Overall, the combined results of (i) PDI-treatment efficiency in the 
elimination of viruses in WW and (ii) the reduction of toxic effects on 
daphnids of WW with irradiated MB and the dilution effect upon WW 
release, highlight the potential use of MB in WW PDI-disinfection. 

5. Conclusions 

In contrast to traditional tertiary WW treatments, PDI efficiently 
eradicates microorganisms in WW without producing harmful byprod
ucts or genetic damage to microorganisms, curbing the emergence of 
resistance. Yet, more research is needed to gauge PDI’s practicality in 
WWTPs. Tests on D. magna and effluent disinfected with MB highlighted 
that the recorded ecotoxicity is due to the presence of the active PS. The 
decrease of toxicity after the irradiation of WW with MB also indicates 
that this PS, once photodegraded, does not lead to the formation of more 
toxic by-products. Moreover, considering the potential dilution effect of 
treated effluents upon discharge in receiving water bodies, a low to no 
hazard can be predicted regarding the PS treatment used with MB. 
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