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Abstract: The past 2 years have been marked by the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) pandemic. This virus is found in the intestinal tract and reaches the wastewater
system, and, consequently, the natural receiving water bodies, and inappropriate or/and inefficient
WW treatment is a means of contamination. In the present work, we used a SARS-CoV-2 model—the
phage Phi6—to evaluate its survival under different environmental conditions (pH, temperature,
salinity, solar, and UV-B irradiation). Then, we tested the efficiency of photodynamic inactivation
(PDI) as a WW disinfection alternative method, and, additionally, the impact on the cultivable native
marine microorganisms of the PDI-treated WW was evaluated.

Keywords: photodynamic inactivation; environmental factors; porphyrins; wastewater; SARS-CoV-2
model; phage Phi6; coronavirus; viruses

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent
of the COVID-19 pandemic, infects the gastrointestinal tract via the angiotensin-converting
enzyme (ACE2) receptor that is expressed by epithelial cells in the gastrointestinal sys-
tem [1]. Although no cases have yet been described in the literature, the possibility of
SARS-CoV-2 transmission via the fecal-oral route is still being discussed, as well as the
negative impact that its release via wastewater could have [2,3].

Generally, the wastewater (WW) suffers a secondary stage of treatment in the wastew-
ater treatment plants (WWTPs) where organic matter is subtracted before being released
into the environment, though still containing high concentrations of microorganisms, in-
cluding viruses [4,5]. As SARS-CoV-2 is present in the intestinal tract, the virions are
excreted through the feces of infected persons, with the RNA of this virus already being
detected in the WW of different countries around the world [6–10]. When applied, the
traditional tertiary disinfection treatments can reduce the content of the viruses from WW,
but they also bring disadvantages namely being expensive, toxic to aquatic organisms, and
inducing genetic damages in microorganisms [2,11]. Due to safety and low-laboratory-cost,
bacteriophage Phi6 (or phage Phi6) was used as a SARS-CoV-2 surrogate. The similar
structures of both viruses, such as the presence of a lipidic envelope, and their similar
behavior under particular environmental conditions, make phage Phi6 a suitable surrogate
for SARS-CoV-2 [12–15]. The persistence of Phi6 over time in different environmental
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conditions of temperature, pH, salinity, and solar and UV-B irradiation was evaluated to
mimic environmental conditions and evaluate its prevalence under different conditions.

This study aims to explore the hypothesis of photodynamic inactivation (PDI) use
as an alternative disinfection method to be applied in WW. PDI has already been shown
to be an effective approach in the inactivation of both Gram-positive and Gram-negative
bacteria, fungi, parasites, and viruses [16–19]. This approach combines the action of a
photosensitizer (PS), a light source with adequate wavelength, and molecular oxygen,
generating highly reactive oxygen species (ROS) capable of causing irreversible damage to
vital constituents of the microbial entities.

In the present work, PDI was tested using the tetracationic porphyrin 5,10,15,20-
tetrakis(1-methylpyridinium-4-yl)porphyrin tetra-iodide (TMPyP) recognized by its effi-
ciency against different types of viruses [18,20]. The viability of the cultivable native marine
water microorganisms was evaluated when exposed to the PDI-treated WW, in order to
assess possible toxic effects in the microbial community of the natural receiving waters of
treated WW.

2. Materials and Methods

Pseudomonas sp. (DSM 21482) was used as the bacterial host of phage Phi6. Bacterial
cells glycerol stocks were stored at −80 ◦C. Before each biological experiment, a frozen stock
was aseptically inoculated into 30 mL of tryptic soy broth (TSB) medium and incubated at
25 ◦C overnight, until the stationary phase of growth was reached. Phage Phi6 stocks were
prepared and maintained in SM buffer, with a phage titer of 109 plaque-forming units per
mL (PFU/mL).

Wastewater samples were collected from a WWTP located in the littoral center of
Portugal after receiving the secondary stage of treatment, on different days. After collection,
the samples were processed by filtration to the removal of native microbial entities and
kept refrigerated at 4 ◦C until further use.

The persistence of phage Phi6 was evaluated in WW under different conditions of
temperature (17, 25, and 37 ◦C, in an incubating chamber and protected from light), pH (6.0,
8.0, and 9.0, at the temperature of 17 ◦C and protected from light; pH desired values were
adjusted by addition of acidic/basic solutions of HCl/NaOH), salinity (15 and 34 g/kg, at
the temperature of 17 ◦C and protected from light), and solar and UV-B irradiation (UV-B
radiation was given by UV-B lamp, 280–320 nm; solar irradiation ranged between 46.2
and 91.1 mW/cm2 during the experiments). To assess the effects of the selected conditions
of temperature, pH, and salinity, aliquots were collected every day during the first week,
followed by once-a-week collections until the end of the experiments; when assessing the
effects of UV-B and solar irradiation, aliquots were collected after 0, 2, 4, 5, 8, 10, and 12 h,
and after 0, 2, 4, and 6 h, respectively. Along all the experiments, appropriate controls were
performed in parallel.

PDI experiments were performed, in WW-collected samples, using the tetracationic
porphyrin TMPyP at the concentration of 5.0 µM under a LED system adjusted to an
irradiance of 50 mW/cm2. Before irradiation, 10 min of dark incubation with stirring
was performed to allow the homogeneity of the suspension and the interaction of the PS
molecules with the viral particles. During the experiments, aliquots were taken after 0, 5,
10, 15, and 30 min, serially diluted in isotonic phosphate-buffered saline (PBS) solution and
drop-plated in Petri dishes previously prepared with tryptic soy agar (TSA) medium and a
top layer of TSB 0.6% agar with the phage host Pseudomonas sp. For the phage Phi6 survival
monitoring, suitable controls (dark control: phage Phi6 in the presence of the TMPyP, kept
in the dark; light control: phage Phi6 irradiated under the same irradiance of the samples)
were performed along the PDI samples.

To evaluate the effect of the PDI-treated WW on native marine water microorganisms,
samples of coastal marine water were collected in the littoral center of Portugal on the
day of the experiments, and the cultivable microorganisms were quantified by platting in
plate count agar (PCA) medium. PDI experiments were performed in WW as previously
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described but without the addition of any biological entity into the samples (TMPyP was
used at a concentration of 5.0 µM under light irradiation with an irradiance of 50 mW/cm2

for 30 min). Determined volumes of PDI-treated WW and suitable light and dark controls
were added to the marine water samples to achieve the following dilutions 1:2, 1:10, 1:100,
and 1:1000. The samples were maintained at 17 ◦C, and the samples were incubated in the
dark or under white irradiation (50 mW/cm2) for 24 h, with aliquots being collected after 0,
6, and 24 h.

For each experiment, at least three independent assays were performed, in duplicate.
The results were analyzed, and ANOVA (α 0.05) and Tukey’s multiple comparisons test
were applied to assess the significance of the differences among the tested conditions
(GraphPad Prism software).

3. Results

The viability of the phage Phi6 showed to be temperature dependent (Figure 1), with
the highest decrease being observed during the experiments performed at 37 ◦C, where
the phage viability decreased to the detection limit of the method (2 log PFU/mL) after
24 h (Figure 1a), followed by the experiments where the temperature was maintained at
25 ◦C (detection limit of the method reached after 35 days) (Figure 1b) and 17 ◦C (detection
limit reached only after 84 days) (Figure 1c). Considering that the persistence of the phage
Phi6 was longer at 17 ◦C, the subsequent experiments were performed at this controlled
temperature.
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Figure 1. Persistence of phage Phi6 following the exposure to different temperatures, in WW:
(a) 37 ◦C; (b) 25 ◦C; and (c) 17 ◦C.

The viability of phage Phi6 at pH values (Figure 2) of 8.0 and 9.0 was similar, with
the phage content reaching the detection limit after 63 days. At pH 6.0, the viability of the
phage Phi6 was maintained for a longer period, reaching a decrease of 5.7 log PFU/mL
after 84 days but not reaching the detection limit of the method.
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and 9.0.

Under different salinity conditions (Figure 3), a decrease in the phage viability of
7.3 log PFU/mL was reached after 49 days in the conditions of salinity of 34 g/kg, and at
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the salinity of 15 g/kg a decrease of 5.7 log PFU/mL was reached after 84 days (similar to
the control, WW samples without salt addition).
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The experiments of phage Phi6 viability under irradiation (Figure 4) showed that
when exposed to UV-B irradiation the viability of the phage decreased similarly in WW and
PBS, reaching the detection limit after 12 h (Figure 4a). When exposed to solar irradiation,
the viability of the phage decreased sooner; after 4 h the detection limit of the method was
reached in WW, and a decrease of 2.7 log PFU/mL was reached after 6 h (Figure 4b).
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The results obtained in the PDI experiments in PBS and WW with TMPyP at a concen-
tration of 5.0 µM and at an irradiance of 50 mW/cm2 with white light are shown in Figure 5.
The PDI assays in PBS reached the detection limit of the method for phage content after
10 min of treatment (>8.0 log PFU/mL) (Figure 5a). When performed in WW, the detection
limit was reached after 5 min of treatment (Figure 5b).
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When the toxicity effect of PDI-treated WW on the cultivable native marine water
microorganisms was tested, the results showed that only when the native microorganisms
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were exposed to PDI-treated WW at a ratio of 1:2 and subjected to a 50 mW/cm2 white light
irradiation during 24 h the survival was affected (Figure 6c). However, at dilution ratios ≥
1:10, no negative effect was observed. The experiments where the native microorganisms
where exposed to PDI-treated WW and kept in the dark for 24 h, no toxic effects were
detected (Figure 6d).
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4. Discussion and Conclusions

Some studies have already shown that temperature can affect the viability of
viruses [21,22]. In this study, three different temperature values (17, 25, and 37 ◦C) were
selected, considering that 17 ◦C is the closest temperature to the annual average tempera-
ture of seawater in central coastal Portugal, where WW is released after treatment on the
WWTPs. The obtained results showed that the virus remains viable for a longer period (up
to 84 days, 3 months) at lower temperatures (17 ◦C) (Figure 1).

Also, pH is shown to be an important factor to influence the phage survival [23,24],
thus, in this study pH values ranging from 6.0–9.0 (comprehending the pH interval values
of 6.5–8.5 for treated effluent to be allowed to be discharged into the environment, and the
global average ocean’s surface pH of about 8.1 [25,26]) were used. The results showed that
the virus remained active for up to 63 days in WW with pH values of 8.0 and 9.0, and for
more than 84 days when the WW pH was adjusted to 6.0 (Figure 2).

Considering that in the region where the WW is released, marine water is near a brack-
ish water lagoon, the environmental conditions of salinity were also mimicked, adjusting
the WW salinity to 15 and 34 g/kg. The results showed that, although the higher salinity
environment had a higher impact on the phage viability, the virus remained viable for
49 days (Figure 3).

UV radiation (artificial and from solar light) also has a recognized impact on the
viruses’ viability and their infectivity capacity, through protein degradation and nucleic
acids damage [13,27]. Among the solar radiation, UV-B (280–320 nm) is the most significant
in the microorganisms’ inactivation. Hence, we used both solar and UV-B radiation to access
the viability of phage particles in both PBS and WW. Under solar radiation, the viability of
the phage particles had a decrease of 2.6 log PFU/mL after 6 h in PBS, and a decrease of
7.6 log PFU/mL after 4 h in WW, indicating the presence of certain compounds in the WW
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samples acting as PS and generating ROS, as dissolved organic matter, antibiotics, nitrates,
etc. [28], capable of inactivating the virus particles (Figure 4).

Analyzing the obtained results regarding the phage viability in the different environ-
mental conditions tested, it is reiterated the need for an effective viral inactivation treatment
in WW before its release into the environment.

The PDI experiments, with the tetracationic porphyrin TMPyP at the micromolar range
(5.0 µM), in PBS and WW demonstrated the effectiveness of the process in the inactivation
of the viral particles: a viral load of >8.0 log PFU/mL was photoinactivated after just
10 min in both aqueous matrices (PBS and WW) (Figure 5).

Although some of the traditional disinfection WW methods are also able to achieve
complete viral inactivation, some of them like chlorine-based agents lead to the formation
of toxic sub-products. UV irradiation disinfection treatment has shown to be less effective
than chlorination, and its effectiveness is highly dependent on the external structures of
the viral particles. Contrarily to the conventional methods applied in WW disinfection, the
PDI approach has shown to be effective in the viral inactivation without producing toxic
photoproducts to the marine water native microorganisms under realistic dilution ratios of
WW when released into the environment (Figure 6).

In summary, this study allows concluding that the viral particles of the phage Phi6, a
suitable SARS-CoV-2 surrogate [13–15], were effectively inactivated under PDI treatment,
showing the potential value of this method as an innovative WW disinfection approach
before the release of the WW into the environment, where the viability experiments showed
that the viral particles would remain viable for a considerable amount of time if not
inactivated during WW treatment processes. It is important to note that although phage
Phi6 is an appropriate surrogate of SARS-CoV-2, further studies are needed with the COVID-
19-causing agent. Also, the toxicity experiments showed that under realistic dilution rates,
the PDI-treated WW did not affect the viability of the marine water native microorganisms.
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