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A B S T R A C T

Vibrio anguillarum is a pathogenic bacterium associated with high mortality rates and economic losses in the 
aquaculture sector. This bacterium is often found in brine shrimp nauplii, a common live food for fish, making it 
a notable vector for pathogen transmission. This study aimed to evaluate the potential of antimicrobial photo
dynamic inactivation (aPDI) as a proof-of-concept approach for decontamination and prophylactic control of 
V. anguillarum infections in aquaculture. To accomplish this, the efficiency of aPDI was assessed in: i) photo
inactivating V. anguillarum in seawater; ii) decontaminating brine shrimp nauplii (Artemia franciscana) 
contaminated with V. anguillarum; and iii) preventing infections in turbot (Scophthalmus maximus L.) pre- 
challenged with V. anguillarum. These experiments employed the tetracationic photosensitizer 5,10,15,20-tetra
kis(1-methylpyridinium-4-yl)porphyrin (TMPyP; 5.0 μM), combined with the well-known aPDI adjuvant potas
sium iodide (KI, 10-100 mM), under white light irradiation (100 mW cm− 2). For the in vivo assays, treatment 
conditions were selected through toxicity assays and then applied to brine shrimp nauplii and turbot juveniles 
artificially contaminated with V. anguillarum. The results showed that aPDI mediated by TMPyP + KI efficiently 
reduced V. anguillarum concentration in seawater to undetectable levels in less than 10 min. Toxicity assays 
confirmed that TMPyP (5.0 μM) + KI (10 mM) did not induce detectable adverse effects in turbot and brine 
shrimp under the tested conditions. This combination also significantly reduced bacterial loads on brine shrimp 
nauplii (>3 log CFU mL− 1) after 30 min. In turbot trials, a 5-min treatment was associated with an attenuation of 
disease symptoms but did not result in a statistically significant reduction in mortality. Overall, aPDI showed 
strong potential for reducing V. anguillarum contamination in seawater and live food, supporting its applicability 
as an environmental decontamination and prophylactic strategy. However, its effectiveness in directly pre
venting an stablished fish infection appears limited under the tested conditions and may require an earlier or 
repeated application. Further studies should focus on optimizing timing, dosage, and delivery protocols to 
improve in vivo protection prophylactic efficacy.

1. Introduction

Vibriosis, an infectious disease caused by bacteria of the Vibrionaceae 
family, poses a significant threat to farmed fish populations [1]. In 

particular, Vibrio anguillarum is responsible for causing severe outbreaks 
in turbot (Scophthalmus maximus) aquaculture, leading to high mortality 
rates and significant economic losses [2,3]. Infected fish commonly 
develop ulcers on the fins and gills and may succumb to fatal 
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haemorrhagic septicaemia [4]. V. anguillarum infects turbot by pene
trating the skin and mucous membranes or through the ingestion of 
contaminated water or food [4,5]. Brine shrimp nauplii, a common live 
food, are frequently implicated as a significant vector for V. anguillarum 
transmission to farmed fish [6]. During the initial stages of infection, the 
bacterium first colonizes the stomach before reaching the intestine, 
where it proliferates. It then crosses the intestinal epithelium via 
endocytosis. Once inside, the pathogen can enter the bloodstream, 
leading to septicaemia or spreading to various organs, such as liver, 
spleen, and kidney [4,5].

Currently, antibiotics and vaccines are the primary strategies 
employed to control infections caused by V. anguillarum [2,7]. However, 
due to the variability among V. anguillarum strains, existing vaccines 
may not provide full protection. Furthermore, antibiotic efficacy is 
declining due to the rise of antimicrobial resistance, and their use is 
increasingly discouraged because of their negative environmental 
impact [8–10]. In addition, water and fish food decontamination 
methods (e.g., ozone, chlorine, and ultraviolet radiation [UV]) serve as 
additional biosecurity measures to prevent microbial outbreaks [11]. 
However, these methods can generate toxic byproducts, contribute to 
the development of resistant strains, and pose risks to aquatic life 
[12–14]. Consequently, the development of innovative and sustainable 
antimicrobial approaches is crucial to prevent V. anguillarum infections 
in turbot.

Given the limitations of conventional disease control strategies, 
antimicrobial Photodynamic Inactivation (aPDI), has gained attention 
as an effective and sustainable antimicrobial approach [15–19]. The 
mechanism of aPDI relies on the use of a photosensitizer (PS), a dye that, 
when excited by visible light in the presence of dioxygen (3O2), gener
ates reactive oxygen species (ROS) [20–22]. These ROS oxidize bacterial 
structures, ultimately leading to cell death [18,23,24]. aPDI has been 
shown to photoinactivate fish pathogenic bacteria making it a compel
ling candidate for aquaculture applications [25–31]. However, its direct 
application for treating established infections in farmed fish remains 
largely unexplored. To the best of our knowledge, only one study has 
investigated the use of aPDI to treat bacterial infections in fish [32]. That 
study demonstrated that an aggregation-induced emission PS, TTCPy-3, 
was effective in treating zebrafish (Danio rerio) infected with the intra
cellular Gram-positive bacterium Nocardia seriolae [32]. Recently, our 
research group showed that aPDI mediated by the standard tetracationic 
porphyrin 5,10,15,20-tetrakis(1-methylpyridinium-4-yl)porphyrin 
(TMPyP), in combination with potassium iodide (KI), a well-known 
aPDI coadjuvant, was effective in photoinactivating fish pathogenic 
bacteria (Vibrio parahaemolyticus and V. anguillarum) in artificial 
seawater and fish fillet [25,33]. These findings suggest that aPDI could 
also be effective when directly applied in aquaculture systems for 
infection prevention.

This study aimed to assess, for the first time, the potential of aPDI 
mediated by TMPyP, alone and in combination with KI, in controlling 
V. anguillarum infections in aquaculture under in vivo conditions. To this 
purpose, the efficiency of aPDI treatments was investigated in: (a) 
photoinactivating V. anguillarum in seawater; (b) decontaminating brine 
shrimp (Artemia franciscana) nauplii contaminated with V. anguillarum; 
and (c) preventing infections in turbot (Scophthalmus maximus) chal
lenged with V. anguillarum.

2. Materials and Methods

2.1. Photosensitizer and KI solution

The porphyrin TMPyP was synthesized according to the literature 
[34]. Stock solutions of this PS (see structure in Fig. 1) were prepared at 
500 μM in dimethyl sulfoxide (DMSO) and maintained in the dark at 
room temperature. Before each experiment, the stock solution was 
sonicated for 30 min at room temperature using an ultrasonic bath 
(Sonorex Super RK 31, 35 kHz, Bandelin, Germany). KI was purchased 

from Scharlab (Barcelona, Spain), and the solutions were prepared at 
5 M in sterile phosphate buffer solution (PBS), immediately before each 
experiment.

2.2. Bacterial strain, brine shrimp, and turbot culture conditions

Antimicrobial photodynamic inactivation treatments were per
formed on V. anguillarum strain previously isolated from a turbot farm 
located in O Grove, Spain (latitude 42◦28′16″N & longitude 8◦51′42″W). 
The bacterium was maintained on tryptic soy agar (TSA, Liofilchem, 
Roseto d. Abruzzi, Italy) supplemented with 1 % of NaCl at 4 ◦C. Before 
each assay, two isolated colonies were transferred to 20 mL of Tryptic 
Soy Broth (TSB, Liofilchem, Roseto d. Abruzzi, Italy) supplemented with 
1 % of NaCl and were overnight incubated at 25 ◦C under orbital stirring 
(120 rpm). Then, 200 μL of the previous suspension were transferred to 
fresh 20 mL TSB and incubated at the previously mentioned conditions 
until the stationary phase of approximately 109 colony-forming units per 
mL (CFU mL− 1) was reached.

Brine shrimp nauplii were prepared according to Sorgeloos et al. 
(1977) with some modifications [35]. Brine shrimp cysts (Aquapex - 
Artemia “PRO”) were maintained under refrigeration (4 ◦C) [35]. Before 
each assay, the cysts were placed in 6-well plates and hydrated in 10 mL 
of sterile filtrated seawater (35 g/L) at a density of 0.05 g mL− 1. The 
samples were maintained under continuous white-light irradiation 
(100 mW cm− 2) at 25 ◦C for 48 h without stirring to promote hatching. 
Within 24 h after hatching, the brine shrimp nauplii were washed three 
times with sterile filtrated seawater to remove residual organic matter 
and reduce natural contamination.

Turbot fingerlings (n = 100; average weight: 10 ± 2.3 g) were pur
chased from a commercial hatchery and maintained at the aquarium 
facilities of the Faculty of Biology at University of Santiago of Com
postela in 200 L seawater tanks at 18 ± 2 ◦C, with a salinity ranging from 
28 to 30 g L− 1 and a photoperiod of 12 h light:12 h dark. Fish were 
acclimated for 15 days prior to treatment, and their health status was 
monitored by observing external appearance, swimming behaviour, and 
appetite. The fish were fed commercial pellets (Skretting, Stavanger, 
Norway) according to the supplier's recommendations. Seawater was 
collected from the coastal region of Galicia, Spain, and its quality was 
maintained using mechanical filtration (sand and activated charcoal 
filters).

2.3. Light source

The experiments were performed under white light irradiation 
(emission spectrum of 380 – 700 nm), provided by an LED system 
LUMECO (30 W, 2000 lm, China). A PowerMeter Coherent FieldMaxII- 

Fig. 1. Structure of TMPyP.
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Top combined with a Coherent PowerSens PS19Q energy sensor was 
used to measure and adjust the light irradiance to 100 mW cm− 2 [25,33,
36].

2.4. Photodynamic inactivation procedure in seawater

The photodynamic inactivation of V. anguillarum was evaluated 
using TMPyP alone at 5.0 μM and in combination with KI at 10, 50 and 
100 mM. The concentrations were selected according to the literature to 
ensure biological activity without host toxicity [15,25,37,38]. These 
concentrations were selected based on previous studies [25,39,40].

An overnight culture of V. anguillarum (~109 CFU mL− 1) was diluted 
10-fold in seawater to a final concentration of 108 CFU mL− 1 (collected 
from the aquarium facilities), and transferred to 12-well plates. TMPyP 
alone and in combination with KI were added to achieve the selected 
concentrations. In parallel, light and dark controls were included to 
assess the effects of irradiation and compound toxicity: (i) light controls, 
consisting of the bacterial suspension alone (LC) or with KI at the highest 
tested concentration (LC + KI), both subjected to irradiation; and (ii) a 
dark control (DC), containing the bacterial suspension with TMPyP and 
KI at the highest tested concentration, protected from light exposure.

Samples were incubated in the dark under stirring for 10 min to 
facilitate TMPyP binding to V. anguillarum cells [15,28,41]. Then, 
samples and light controls were irradiated for 10 min with white light 
(380–700 nm, 100 mW cm− 2), while the dark control remained shielded 
from light exposure. At time 0 (immediately after the 10 min of dark 
incubation) and at various points during irradiation (5, 6, 7, and 
10 min), aliquots were collected, serially diluted in PBS, and drop-plated 
in duplicate (10 μL) on TSA supplemented with 1 % NaCl. Plates were 
incubated at 25 ◦C for 48 h, after which viable colony counts were 
determined and expressed as CFU mL− 1. The detection limit of method 
was 2 log CFU mL− 1, corresponding to the absence of colonies on the 
lowest dilution plated. Three independent experiments were conducted 
with two replicates, and the results were averaged.

2.5. Brine shrimp experiments

2.5.1. Toxicity screening of aPDI treatments in brine shrimp nauplii
In this study, the toxicity of the aPDI treatments toward brine shrimp 

nauplii was evaluated as a preliminary screening to select suitable 
conditions for live food decontamination. For this purpose, brine shrimp 
nauplii within 24 h of hatching were transferred to 12-well plates con
taining 4.0 mL of sterile seawater (10 individuals per well). Treatments 
consisting of TMPyP (5.0 μM) and KI (10, 50, and 100 mM), both alone 
and in combination, were added to the corresponding wells. A control 
group containing only brine shrimp nauplii without treatment was also 
included (LC). The plates were then irradiated with white light 
(100 mW cm− 2) for 60 min. Simultaneously, identical treatments were 
prepared in 12-well plates and maintained in the dark during the irra
diation procedure to serve as dark controls (DC). Toxicity was assessed 
by observing the motility (active swimming vs. immobility), morpho
logical alterations (body deformations, including alterations in shape 
and structural integrity) and mortality (absence of appendage move
ment) of individuals immediately after irradiation and again after 24 h 
to determine long-term effects. Survival was calculated as the percent
age of live nauplii divided by the total number of nauplii. Morphological 
alterations were analysed using a Nikon ECLIPSE 80i microscope 
equipped with a 10× objective, a Nikon Digital Sight DS-U3 data 
acquisition system, and a Nikon Digital Sight DS-Ri1 camera (Tokyo, 
Japan). Three independent experiments were conducted with three 
replicates, and the results were averaged.

2.5.2. Accumulation of V. anguillarum in brine shrimp nauplii
The brine shrimp nauplii were artificially contaminated with 

V. anguillarum to simulate contaminated live food and to evaluate the 
effectiveness of TMPyP- and TMPyP + KI-mediated aPDI treatments. 

Using a Pasteur pipette, brine shrimp nauplii were transferred to 6-well 
plates containing 10 mL of sterile seawater with V. anguillarum 
(109 CFU mL− 1) and incubated for 3 h according to previous studies [42,
43]. To assess bacterial accumulation, 10 nauplii were collected, rinsed 
three times with sterile seawater, and homogenized using a micropestle. 
Then, these suspensions were serially diluted and plated by both 
drop-plating (10 μL) and spread-plating (100 μL) on TSA supplemented 
with 1 % NaCl and thiosulfate citrate bile salts sucrose agar (TCBS, 
Liofilchem, ISO 21872, Roseto degli Abruzzi, Italy) to assess total viable 
bacteria and Vibrio populations, respectively. The bacterial concentra
tion was expressed as log CFU mL− 1. Control samples consisting of 
nauplii not exposed to V. anguillarum were included to determine the 
natural microbial concentration. Three independent experiments were 
conducted with three replicates, and the results were averaged.

To confirm bacterial internalization, brine shrimp nauplii were 
examined by epifluorescence microscopy following exposure to 
V. anguillarum labelled with acridine orange [44,45]. Bacterial suspen
sions were prepared in sterile seawater (~109 CFU mL− 1) and incubated 
in the dark with acridine orange (20 mg L− 1) under orbital agitation for 
15 min to allow dye binding to bacterial cells. After incubation, the 
suspension was centrifuged for 5 min at 13,000 rpm (1730R, Gyrozen 
Co., Ltd., Gimpo, South Korea) [25,46], and the supernatant containing 
unbound dye was discarded. The bacterial pellet was washed three times 
with sterile seawater, followed by centrifugation under the same con
ditions. The fluorescently labelled bacterial cells were then added to 
6-well plates containing brine shrimp nauplii in sterile seawater and 
incubated for 3 h. Following incubation, nauplii were washed three 
times with sterile water to remove non-adherent bacteria and analysed 
by epifluorescence microscopy. Imaging was performed using a Nikon 
ECLIPSE 80i microscope equipped with a 10× objective, a Nikon Digital 
Sight DS-U3 data acquisition system, and a Nikon Digital Sight DS-Ri1 
camera (Tokyo, Japan). A FITC filter set (EX 465–495, DM 505, BA 
515–555) was used to detect acridine orange fluorescence.

2.5.3. Photodynamic treatment of V. anguillarum in brine shrimp nauplii
Artificially contaminated brine shrimp nauplii were transferred to 

12-well plates (10 nauplii per well, totaling 90 individuals per condi
tion) using a Pasteur pipette. Each well contained sterile seawater with 
predetermined non-toxic concentrations of: TMPyP at 5.0 μM,and 
TMPyP at 5.0 μM in combination with KI at 10 mM. These samples were 
incubated in the dark for 10 min, followed by white light irradiation 
(100 mW cm− 2) for 10, 30, and 60 min. Simultaneously, two light 
control groups were included: one with brine shrimp nauplii alone (LC) 
and another with brine shrimp nauplii and KI (LC + KI), both irradiated. 
A dark control group, consisting of individuals treated with TMPyP at 
5.0 μM and KI at 10 mM but protected from light exposure, was also 
included (DC). After irradiation, the bacterial concentration in nauplii 
was assessed as previously described in section 2.5.2. and expressed as 
log CFU mL− 1. Three independent experiments were conducted with 
three replicates, and the results were averaged.

2.6. Turbot fingerlings experiments

2.6.1. Determination of toxicity
The toxicity of treatments was tested by transferring five turbot 

fingerlings to tanks containing 2.0 L of seawater. TMPyP and/or KI al
iquots were added to achieve final concentrations of 5.0 μM and 
10–50 mM, respectively. Following a 10-min dark incubation period and 
5 min of aPDI irradiation within 2 L tanks, the fish were transferred to 
acclimatized 200 L tanks (conditions previously described in section 2.2
of Materials and Methods), where their behaviour and mortality were 
evaluated over 24 h. A control group of untreated fish was also included 
for comparison.

2.6.2. Photodynamic treatment of turbot challenged with V. anguillarum
The assessment of aPDI effects on turbot challenged with 
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V. anguillarum followed the protocol illustrated in Fig. 2. Prior to the 
experiments, individuals (n = 5) were transferred to 2.0 L tanks and 
immersion-challenged with a lethal dose of V. anguillarum 
(107 CFU mL− 1) for 30 min [47]. After this period, TMPyP and KI were 
added to the tanks to achieve final concentrations of 5.0 μM and 10 mM, 
respectively. Following a dark incubation period of 10 min, the fish were 
irradiated in the aquaria for 5 min (380–700 nm, 100 mW cm− 2) and 
then transferred to 200 L acclimatized seawater tanks (conditions pre
viously described in section 2.2 of Materials and Methods) (Fish_TMPyP 
+ KI_Light). Considering the limited number of turbot fingerlings 
available, only the combined treatment of TMPyP and KI was tested in 
these assays, as previous experiments in seawater demonstrated its 
effectiveness to be equal to or superior to TMPyP alone. Four control 
groups were included: (i) fish not challenged with V. anguillarum 
(Non-Infected Fish); (ii) infected fish without any treatment (Fish); (iii) 
infected fish exposed to the same irradiation protocols as the treated 
samples (Fish_Light); and (iv) infected fish treated with TMPyP and KI 
but protected from light exposure (Fish_TMPyP + KI_Dark). In all these 
assays, three replicates were performed per condition.

To confirm bacterial concentration and assess immediate aPDI effect 
on free-swimming bacteria in seawater, aliquots of 1.0 mL were 
collected from each treatment tank before and after irradiation, and the 
V. anguillarum concentration was assessed as previously described in 
section 2.4.

To evaluate the effect of the treatments, each individual's behaviour 
(swimming ability and activity), motility, and symptoms were assessed 
immediately after treatment and over 9 days. This period was defined as 
the experimental endpoint since no additional mortality was observed 
after day 7 in either the control or treated groups. Diseased animals were 
dissected using a sterile scalpel to collect the kidney and liver. The 
presence of V. anguillarum in ulcers (skin, fins, and gills) and kidneys was 
assessed by streaking samples collected with a sterile loop onto TCBS 
agar. Positive samples were confirmed via biochemical identification 
using the API 20E (bioMérieux, Inc.). Three replicates were performed 
per condition.

2.7. Statistic analysis

GraphPad Prism 8.0.1 was used to perform statistical analysis. 
Normal distributions and homogeneity of variance were assessed with 
the Shapiro-Wilk and the Brown–Forsythe test, respectively. Two-way 
analysis of variance (two-way ANOVA) followed by Tukey's multiple 
comparison test were applied to evaluate the effects of the different 
treatments and exposure time (10, 30, and 60 min), as well as their 
interaction. A value of p < 0.05 was considered statistically significant. 

Three independent assays were performed for each condition.

3. Results

3.1. Photoinactivation of V. anguillarum in seawater

The results of V. anguillarum photoinactivation in seawater using 
TMPyP and TMPyP + KI are summarized in Fig. 3. No significant 
changes were observed in the light control (LC) or dark control (DC) 
groups (p > 0.05). These results indicate that V. anguillarum viability was 
not affected by irradiation alone, by KI (100 mM) exposed to light, or by 
the PS (5.0 μM) combined with KI (100 mM) in the dark.

TMPyP at 5.0 μM alone was highly effective, reducing the bacterial 
concentration by 3.0 and 7.0 log CFU mL− 1 after 7 and 10 min of white 
light irradiation, respectively. The addition of KI further enhanced the 
photodynamic effect of TMPyP, achieving bacterial reduction to the 
detection limit of the method after 5, 6, and 7 min of treatment at KI 
concentrations of 100, 50, and 10 mM, respectively.

3.2. Brine shrimp experiments

3.2.1. Toxicity of TMPyP and KI
The toxicity of TMPyP (5.0 μM), alone and in combination with KI 

(10, 50, and 100 mM), was evaluated in brine shrimp nauplii immedi
ately after treatment and again after 24 h. Individuals were considered 
dead if no motility in the appendage was observed or if they exhibited 
severe and irreversible deformities. The results indicate that TMPyP 
alone did not induce detectable adverse effects in brine shrimp nauplii 
under the tested conditions (Table 1, Fig. 4). However, nauplii exposed 
to high concentrations of KI showed adverse effects. Reduced swimming 
activity and increased lethargy were observed immediately after treat
ment with KI at 50 and 100 mM. Additionally, delayed growth and 
morphological alterations in the antennae and thorax became evident in 
all individuals within 24 h (Fig. 4), and most showed no movement on 
the appendages. On the other hand, no immediate effects were detected 
in nauplii treated with KI at 10 mM. After 24 h, no deformities were 
observed, but some individuals exhibited reduced swimming activity. 
No significant differences (p > 0.05) were observed between the com
bined TMPyP + KI treatment (under dark or light conditions) and the 
corresponding treatments with KI alone, indicating that the observed 
effects were primarily associated with KI rather than photodynamic 
activity. Considering the inherent toxicity of KI at high concentrations 
(≥50 mM), the decontamination of brine shrimp nauplii was subse
quently evaluated only with TMPyP alone and in combination with KI at 
the lowest concentration tested (10 mM).

Fig. 2. Representative scheme of aPDI treatment of turbot challenged with V. anguillarum.

C. Vieira et al.                                                                                                                                                                                                                                   Dyes and Pigments 254 (2026) 113981 

4 



3.2.2. Photoinactivation of V. anguillarum in brine shrimp
Before artificial contamination, the presumptive cultivable Vibrio 

spp. counts (assessed on TCBS agar) and the total viable count naturally 
present in the brine shrimp nauplii were 3.1 and 6.1 log CFU mL− 1, 
respectively (Fig. 5A). Following artificial contamination with 
V. anguillarum, these values increased to 7.4 and 7.8 log CFU mL, 
respectively. Epifluorescence microscopy confirmed that the internal
ized V. anguillarum was mainly detected in the gut of the brine shrimp 
nauplii, as shown in Fig. 5B.

Treatments with TMPyP (5.0 μM) alone and in combination with KI 
(10 mM) were effective in reducing the bacterial concentration in brine 
shrimp nauplii (p < 0.05, Fig. 5C). TMPyP alone caused concentration 
reductions of 3.1 log CFU mL− 1 (p < 0.05) after 10 min of treatment, 
reaching a maximum inactivation of 3.8 log CFU mL− 1 after 60 min. 
Similar inactivation levels were obtained with TMPyP + KI, indicating 
that the presence of the salt did not improve the decontamination effi
ciency under these conditions (p > 0.05).

Fig. 3. Photodynamic inactivation of V. anguillarum in seawater using TMPyP (5.0 μM), alone and in combination with KI (10, 50, and 100 mM), under 10 min of 
white light irradiation at an irradiance of 100 mW cm− 2. Values represent the mean ± standard deviation of three independent experiments (error bars may be 
hidden under symbols). LC: light control; DC: dark control.

Table 1 
Survival of brine shrimp nauplii immediately after aPDI treatment (short-term toxicity) and 24 h post- 
treatment (long-term toxicity). Conditions that resulted in mortality rates exceeding 50 % (IC50) are high
lighted in red. CT: only brine shrimp nauplii without TMPyP and/or KI.
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3.3. Turbot experiments

Preliminary toxicity assays indicated that TMPyP (5.0 μM), alone 

and in combination with KI at 10 mM, did not cause mortality or 
behavioural alterations in turbot fingerlings under the conditions tested. 
On the other hand, its combination with KI at 50 mM proved highly 

Fig. 4. Photographic images of brine shrimp nauplii taken 24 h after aPDI treatment with TMPyP (5.0 μM) alone (A), TMPyP combined with KI at 10 mM (B) or 
100 mM (C), and KI (100 mM) alone (D), under white light irradiation (380-700 nm) for 60 min (100 mW cm− 2). A light control (LC; irradiated without PS or KI) was 
also included (E). These experimental conditions, corresponding to Table 1, are indicated at the top of each image panel. Scale bars = 100 μm.

Fig. 5. A) Vibrio spp. and total viable counts in brine shrimp nauplii before and after contamination with V. anguillarum. B) Detection of fluorescently labelled 
V. anguillarum in brine shrimp nauplii. C) aPDI of V. anguillarum in brine shrimp nauplii using TMPyP (5.0 μM), alone and in combination with KI (10 mM), after 10, 
30, and 60 min of white light (380-700 nm) irradiation at an irradiance of 100 mW cm− 2. Values represent the mean ± standard deviation of three independent 
experiments (error bars may be hidden under the symbols). LC: light control; DC: dark control. Scale bar = 100 μm. (*) indicates significant (p < 0.05, ANOVA) 
differences in microbial concentration between treated samples and LC.
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toxic, leading to approximately 20 % mortality in the dark and 100 % 
mortality under irradiated conditions. Consequently, the combination of 
TMPyP (5.0 μM) and KI (10 mM) was selected to evaluate its prophy
lactic effects against V. anguillarum infections in turbot. This combined 
treatment was the only one tested in the in vivo challenge, as it had 
demonstrated equal or superior effectiveness compared to TMPyP alone 
in both seawater and brine shrimp decontamination assays.

For these experiments, turbot were immersion-challenged with a 
lethal concentration of V. anguillarum (107 CFU mL− 1) and, after 30 min 
of incubation, subjected to a bath treatment with TMPyP and KI (10 min 
of dark incubation followed by 5 min of irradiation). Water samples 
were collected before (t = 0 min) and after treatment (t = 5 min) to 
evaluate the concentration of V. anguillarum and the total viable count 
(Fig. 6A and B). The results revealed that the treatment effectively 
reduced Vibrio concentrations in tank water by 5.5 log CFU mL− 1 

(Fig. 6A). Furthermore, the total viable bacterial count in water was also 
reduced by 2.8 log CFU mL− 1 (Fig. 6B).

After treatment, turbot mortality and clinical symptoms were 
monitored for 9 days. In the non-treated group, mortality reached an 
average of 70 % within 7 days (Fig. 7), confirming the high virulence of 
the V. anguillarum strain used. Treated fish (Fish_TMPyP + KI_Light) 
showed a 5 % lower cumulative mortality rate compared to the non- 
treated controls (Fish), although this difference was not statistically 
significant (p > 0.05).

The analysis of fish symptoms revealed more severe lesions in non- 
treated fish, including ulcers in the tail and fins, and haemorrhages in 
abdominal areas (Fig. 8). On the other hand, treated fish displayed 
milder symptoms (Fig. 8). While most treated fish exhibited tail ulcers 
and some showed fin lesions, haemorrhages in the abdominal region 
were rare, no liver bleeding was observed, and some individuals showed 
no apparent symptoms. Furthermore, dissection revealed the presence of 
V. anguillarum in the fins, tail, and kidneys of non-treated fish; however, 
the bacterium was not detected in the kidneys of treated fish. Of note, 
V. anguillarum was not detected in the gills of any of the analysed 
individuals.

4. Discussion

The persistent challenge of vibriosis in farmed turbot, exacerbated by 
limitations of conventional control methods, highlights the urgent need 
for innovative antimicrobial strategies [2,3,12–14]. aPDI has emerged 
as a promising alternative, yet its direct application in aquaculture 
systems remains largely unexplored [17,18,38,48]. This study, there
fore, evaluated the efficacy of TMPyP, alone and in combination with KI, 
for the decontamination of V. anguillarum-contaminated seawater and 
Artemia franciscana nauplii, which are commonly used as live feed in 
turbot larviculture and constitute a relevant vector for pathogen trans
mission. In addition, the prophylactic potential of the combined TMPyP 

+ KI treatment was preliminarily assessed in turbot fingerlings 
pre-challenged with V. anguillarum, as a proof-of-concept evaluation 
under aquaculture-relevant conditions.

4.1. Decontamination of seawater

TMPyP showed significant potential for photoinactivating 
V. anguillarum in natural seawater, achieving a 7.0 log CFU mL− 1 

reduction within 10 min of treatment (Fig. 3). This result aligns with 
previous findings, where TMPyP under the same conditions produced 
over a 5.0 log CFU mL− 1 reduction of V. anguillarum in artificial 
seawater, a matrix designed to simulate the ionic composition of natural 
seawater [25]. The photodynamic activity of TMPyP has been widely 
associated with 1O2 generation through a type II aPDI mechanism [49,
50]. The efficiency of TMPyP has also been documented against various 
other Vibrio species, including V. parahaemolyticus, V. owensii, and 
V. campbellii [26,51]. However, in those cases, lower white light in
tensities (1.2–9.6 mW cm− 2) were used, requiring extended irradiation 
periods (up to 24 h) to achieve comparable levels of disinfection. These 
findings highlight TMPyP as a versatile PS that can be adapted to various 
light protocols depending on the intended application. For instance, 
continuous low-intensity irradiation (1–10 mW cm− 2) may be suitable 
for prophylactic applications and long-term microbial control under 
standard photoperiod lighting [26,51,52], while high-intensity irradia
tion (100 mW cm− 2) for short periods (5–10 min) enables rapid 
disinfection.

Over the past decade, the application of KI has been investigated to 
improve aPDI antimicrobial activity [37,39,53–57]. This synergistic 
effect has been proposed to rely on the interaction of iodide (I− ) with 
singlet oxygen (1O2) generated by the PS during irradiation [37,39,54,
57]. This interaction forms hydrogen peroxide (H2O2) and reactive 
iodine species (RIS), including iodine radicals (I2•-) and free iodine/
triiodide (I2/I3− ), that are highly bactericidal. In this study, the addition 
of KI significantly enhanced the photodynamic activity of TMPyP, 
resulting in bacterial inactivation down to the detection limit of the 
method (8 log CFU mL− 1 reduction) with shorter treatment time (Fig. 3). 
This effect was concentration-dependent, as faster bacterial inactivation 
was progressively observed at higher KI concentrations (7, 6, and 5 min 
for 10, 50, and 100 mM KI, respectively). Among the RIS formed, I2 has 
been proposed as the primary species responsible for the sustained 
antimicrobial effect, as previously suggested in our previous study 
evaluating TMPyP in combination with KI [37]. Its slower decomposi
tion in seawater (with rate constants ranging from 0.030 to 2.31 min− 1), 
compared to the much shorter lifetimes of 1O2, H2O2, and I2•- 

(<milliseconds), may contribute to its prolonged activity even after 
irradiation cessation [58,59]. It should be noted, however, that the 
specific contribution of each RIS to the bactericidal effect observed in 
the present work was not directly measured, and the mechanistic 

Fig. 6. V. anguillarum (A) and total viable counts (B) in seawater from turbot treatment tanks before and after photodynamic treatment with TMPyP (5.0 μM) and KI 
(10 mM) under 5 min of white light irradiation at an irradiance of 100 mW cm− 2. Values represent the mean ± standard deviation of three independent experiments 
(error bars may be obscured by symbols). SW: seawater; SW_Light: seawater exposed to light only; SW_TMPyP + KI_Dark: seawater treated with TMPyP and KI in the 
dark; SW_TMPyP + KI_Light: seawater treated with TMPyP and KI under irradiation.
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interpretation provided here is therefore inferred from prior literature 
rather than experimentally validated in this study. Previous studies have 
suggested the potential of I2 generated in situ to treat infections in vivo, 
not only by eliminating pathogens, but also preventing their regrowth 
[40,59]. While this sustained activity may benefit therapeutic applica
tions, it may raise environmental concerns in seawater disinfection. This 
limitation could be addressed by immobilizing TMPyP and KI on solid 
supports, enabling their recovery and reuse after treatment. Previous 
studies have demonstrated effective water and buffer disinfection using 
polymeric materials containing PS and KI [60,61], supporting future 
development of reusable TMPyP + KI-based materials for aquaculture 
applications.

4.2. Decontamination of brine shrimp nauplii

Brine shrimp are a common live food for farmed fish [62,63]. 
However, they can often become contaminated with V. anguillarum, 
which can infect fish upon ingestion, leading to disease outbreaks [5,6,
64]. In aquaculture, brine shrimp cysts are stored for long periods and 
hatched on demand to provide nauplii for feeding fish [65]. Although 
decapsulation is primarily performed to improve cyst hatching and 

handling, the sodium hypochlorite used during this process also reduces 
the microbial load associated with brine shrimp cysts. However, bacte
rial regrowth may occur during hatching due to the release of glycerol 
and other nutrients [62], highlighting the need for decontamination 
strategies targeting brine shrimp nauplii rather than only cysts. aPDI 
using TMPyP has been reported to enhance cyst decapsulation and 
decontamination (reduction of ~5.0 log CFU mL− 1; TMPyP at 20 μM, 6 h 
of white light irradiation at an irradiance of 1.179 mW cm− 2) [66]. 
However, its potential for brine shrimp nauplii decontamination was not 
assessed. Therefore, in this study, we investigated for the first time the 
effectiveness of TMPyP, alone and in combination with KI, for brine 
shrimp decontamination.

The toxicity assays revealed that TMPyP at 5.0 μM was safe for brine 
shrimp nauplii. However, KI at concentrations of 50 mM or higher 
caused immediate and long-term harmful effects, including reduced 
motility, body deformities, and mortality (Fig. 4, Table 1). The toxicity 
appears to be associated with the KI solution itself rather than I2, as no 
significant differences (p > 0.05) were observed between treatments 
with KI alone and TMPyP + KI combinations, regardless of light expo
sure. This observation is in agreement with previous studies reporting 
toxic effects of KI compounds in aquatic organisms, including 

Fig. 7. Cumulative mortality of turbot fingerlings during the 9 days following aPDI treatment. Values represent the mean ± standard deviation of three independent 
experiments (error bars may be hidden by symbols). Non-infected fish: fish non challenged with V. anguillarum; Fish: infected fish; Fish_Light: infected fish exposed to 
light only; Fish_TMPyP + KI_Dark: infected fish treated with TMPyP and KI in the dark; Fish_TMPyP + KI_Light: infected fish treated with TMPyP and KI under 
irradiation.

Fig. 8. Clinical signs in juvenile turbot infected with V. anguillarum. Fish: infected fish; Fish_Light: infected fish exposed to light only; Fish_TMPyP + KI_Dark: infected 
fish treated with TMPyP and KI in the dark; Fish_TMPyP + KI_Light: infected fish treated with TMPyP and KI under irradiation.
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invertebrates such as Daphnia magna and microalgae (Pseudokirchneriella 
subcapitata), with effects dependent on concentration and exposure 
conditions [67]. Overall, our findings suggest that KI at 10 mM did not 
cause significant mortality, motility impairment, or morphological al
terations in brine shrimp nauplii and can therefore be safely used in 
combination with TMPyP under the conditions tested. These findings 
were consistent with the toxicity experiments performed on turbot ju
veniles, reinforcing that brine shrimp nauplii is a suitable model for 
preliminary toxicity assessment in aquatic animals [68]. However, it is 
important to note that further studies evaluating additional toxicity 
parameters (e.g. growth performance, feeding behavior, histopathology, 
and gut microbiota composition), as well as other aquatic models such as 
D. magna and zebrafish, are still required to further support the safe 
application of these treatments in aquaculture.

TMPyP-mediated aPDI was effective at reducing V. anguillarum 
concentration in A. franciscana nauplii (>3.0 log CFU mL− 1, p < 0.05, 
Fig. 5). These reductions were comparable to natural Vibrio loads on 
brine shrimp nauplii (3.1 log CFU mL− 1), highlighting the treatment's 
potential for decontaminating live food in aquaculture. Under the tested 
conditions, the application of KI at 10 mM did not improve the treatment 
efficacy. Similarly, we previously reported that KI did not enhance 
TMPyP activity during fish fillet decontamination [33], which we 
tentatively attributed to the low dioxygen availability in biological 
matriceswhich limits the production of 1O2 and consequently the 
aPDI-KI synergistic mechanism. However, as this explanation remains 
hypothetical, further studies should evaluate dioxygen availability in 
the brine shrimp system. Additionally, the organic molecules present in 
brine shrimp nauplii may scavenge the 1O2, potentially impacting the 
production of RIS [69]. The interaction of I2 with brine shrimp bio
molecules, such as unsaturated fats, may also decrease it action [70]. 
Indeed, V. anguillarum was primarily accumulated in the gut of brine 
shrimp nauplii, an environment where dioxygen levels are known to be 
very low in other organisms, including aquatic invertebrates [71,72]. 
Despite this limitation, TMPyP-mediated aPDI showed promising po
tential for brine shrimp decontamination, especially in comparison with 
previous studies. In 2012, Asok et al. showed that Rose Bengal (30 μM) 
reduced Vibrio harveyi in brine shrimp nauplii by 91.2 % (1.1 log CFU 
mL− 1) after 30 min of halogen lamp irradiation (450–600 nm) [42]. 
More recently, Abdulaziz and colleagues (2022) reported that 
curcumin-mediated aPDI (10 μM) achieved a 68.17 % reduction (0.5 log 
CFU mL− 1) of Vibrio spp. in Penaeus monodon after 60 min of blue light 
exposure (λmax 405 nm, 10 mW cm− 2) [73]. On the other hand, TMPyP 
demonstrated higher efficiency, achieving a 99.97 % reduction (3.51 log 
CFU mL− 1) at a lower PS concentration (5.0 μM) with only 10 min of 
white light irradiation delivered at an irradiance of 100 mW cm− 2. 
Furthermore, TMPyP-mediated aPDI efficiency is comparable to con
ventional disinfection methods. For instance, previous studies have 
shown that ozone (O3), formaldehyde (HCHO) and H2O2 led to Vibrio 
reductions of 99.5 % (2.30 log CFU mL− 1), 96.0 % (1.40 log CFU mL− 1) 
and 75.8 % (2.30 log CFU mL− 1) in brine shrimp nauplii, while sodium 
hypochlorite (NaOCl) caused bacterial inactivation to the detection limit 
of the method [74,75]. Nevertheless, it is important to consider that 
conventional methods often produce toxic by-products and have po
tential long-term environmental impacts [75–77]. On the other hand, 
TMPyP can be immobilized onto supports for post-treatment removal, 
resulting in minimal treatment residues and reduced environmental 
toxicity [48,78–81]. However, the long-term environmental impacts 
and possible by-products associated with TMPyP + KI-mediated aPDI 
were not evaluated in the present study and should be addressed in 
future investigations.

4.3. Treatment of juvenile turbot

The prophylactic potential of TMPyP + KI mediated aPDI was further 
assessed in controlling V. anguillarum infections in juvenile turbot. Water 
samples collected from the turbot tanks showed that this treatment 

effectively reduced V. anguillarum levels (5.5 log CFU mL− 1, Fig. 6). In 
contrast, the reduction observed for total viable counts was compara
tively lower (2.8 log CFU mL− 1), suggesting a more selective effect on 
V. anguillarum compared to the natural microbiota of seawater. These 
findings align with previous studies describing that Vibrio species are 
generally more susceptible to aPDI than other Gram-negative bacteria 
[25,28,82–84]. The increased susceptibility of Vibrio species has been 
proposed to be related to their outer membrane composition, particu
larly a higher content of polyunsaturated fatty acids that are more prone 
to oxidative damage by 1O2 [25,85,86].

Although aPDI efficiently photoinactivated V. anguillarum in 
seawater, the treatment did not significantly reduce turbot mortality 
(Fig. 7). This may be attributed to the 30-min bacterial exposure period 
before treatment, during which the infection could have already been 
initiated. A previous study showed that immersion of striped catfish 
(Pangasianodon hypophthalmus) in a suspension of Edwardsiella ictaluri 
for only 30 s was sufficient to establish infection [87]. Therefore, 
V. anguillarum may have adhered to the skin or entered through the 
gastrointestinal tract before aPDI was applied. In contrast, the gills 
appear less likely to be a route of entry, since no bacteria were detected 
in this tissue. These findings highlight the importance of optimizing 
treatment timing and suggest that aPDI may be effective when applied at 
earlier stages of exposure.

aPDI has previously been shown to reduce bacterial concentration on 
fish skin [33], however, complete pathogen elimination is challenging 
due to the presence of organic matter and the complex structure of the 
skin surface [88]. In addition, the limited light penetration through the 
turbot's dark and opaque skin may have reduced the effectiveness of 
aPDI in targeting internal tissue, similar to what has been observed in 
other tissues [89]. Although mortality was not significantly reduced, 
treated fish displayed milder clinical symptoms, including fewer 
external haemorrhages and an absence of abdominal haemorrhages 
(Figs. 7 and 8), suggesting a partial protective effect. These findings 
suggest that the potential of PDI in aquaculture mainly lies in the pre
ventive decontamination of the aquaculture environment, while its 
application in the treatment of fish infections requires further 
investigation.

The antimicrobial effect of aPDI treatment may have contributed to 
limiting infection severity. Notably, V. anguillarum was not detected in 
the kidneys of treated fish, suggesting the restriction of infection pro
gression. Similarly, Wong et al. (2005) reported that Toluidine Blue O- 
mediated aPDI suppressed protease activity and reduced the severity of 
septicaemia caused by Vibrio vulnificus in mice, an effect associated with 
suppression of bacterial motility and protease secretion [90]. More 
recently, Bartolomeu et al. (2016) demonstrated that irradiated TMPyP 
damaged Staphylococcus aureus enterotoxins and altered the expression 
of functional proteins, although it remains unclear whether such 
changes persist across bacterial generations [41]. It is therefore possible 
that in the present study, aPDI may have contributed to reducing 
V. anguillarum virulence by damaging and/or suppressing the expression 
of proteins critical to pathogenesis, such as adhesins, outer membrane 
proteins, and proteases. It could also result in a lower production of 
hemolysins, exotoxins responsible for erythrocyte lysis and haemor
rhage [4]. These antimicrobial effects may have been complemented by 
the wound-healing properties of aPDI. Prior studies have shown that 
aPDI can reduce inflammation and enhance tissue repair by modulating 
molecular, pathological, and bactericidal processes [91,92]. These 
mechanistic considerations remain, however, hypothetical and are not 
directly demonstrated by the in vivo data presented here.

Nevertheless, even with attenuated virulence, colonization can still 
trigger the host's innate and adaptive immune responses [93–95]. 
Excessive production of inflammatory mediators may lead to systemic 
inflammatory response syndrome or septic shock [4], ultimately causing 
death in both treated and untreated groups. To fully understand 
V. anguillarum infection in turbot and the potential beneficial effects of 
TMPyP + KI-mediated aPDI, further research should evaluate the impact 
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of treatment on bacterial virulence factors and the host immune 
response. Exploring a wider range of TMPyP concentrations and irra
diation doses may also help optimize treatment efficacy. Future studies 
should explore the potential of TMPyP + KI-mediated PDI for preventing 
infections in turbot larvae. This life stage is not only more susceptible to 
vibriosis [96] but also potentially more responsive to aPDI, as larvae are 
smaller, less pigmented, and more permeable to light, which may allow 
PDI to target deeper tissues more effectively.

Since the in vivo turbot assays were designed as a proof-of-concept 
evaluation under aquaculture-relevant conditions and in accordance 
with the 3Rs principle [97], TMPyP-alone and KI-alone irradiated con
trol groups were not included, in order to minimize the number of an
imals subjected to experimental procedures. Consequently, the 
individual contribution of TMPyP and any synergistic effect with KI 
could not be directly assessed in vivo in the present study and were 
inferred from the in vitro results and from previous literature. Future 
studies, designed within appropriate ethical boundaries, should include 
such control groups to determine the individual contribution of each 
component and to assess potential synergistic effects under in vivo 
conditions.

To the best of our knowledge, only one study has evaluated the po
tential of aPDI to treat bacterial infections in fish. In 2024, Liu et al. 
reported that TTCPy-3, an aggregation-induced emission PS, was 
effective in treating zebrafish infected with Nocardia seriolae, a Gram- 
positive bacterium [32]. TTCPy-3 at 10 μM reduced bacterial dissemi
nation and improved survival rates from 30.95 to 95.24 %. However, 
even without irradiation, TTCPy-3 treatment decreased mortality to 
82.54 %, suggesting that its antimicrobial activity may not be solely 
attributed to aPDI but could involve additional antimicrobial 
mechanisms.

5. Conclusion

In this study, TMPyP, both alone and in combination with KI, showed 
promising results for decontaminating seawater and brine shrimp 
nauplii artificially contaminated with V. anguillarum. The combined 
treatment was more effective in reducing V. anguillarum levels in 
seawater compared to TMPyP alone. However, the addition of KI did not 
significantly enhance the treatment's effectiveness in brine shrimp. In 
the in vivo turbot model, the tested PDI protocol did not significantly 
reduce mortality; however, treated animals showed milder clinical 
signs, suggesting a potential partial prophylactic effect that merits 
further investigation. Overall, our findings suggest that aPDI mediated 
by TMPyP, alone or combined with KI, is a promising strategy for 
mitigating V. anguillarum contamination in aquaculture by reducing 
microbial loads in seawater and in live food, with potential value as a 
prophylactic tool rather than as a curative intervention for already 
established infections. Future studies should focus on optimizing aPDI 
protocols, particularly with regard to treatment timing, dose, exposure 
regimen, and integration into routine aquaculture practices, to better 
assess their prophylactic potential and to clarify the mechanisms un
derlying the protective effects observed in vivo.
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TE—Laboratório Associado para a Química Verde—Tecnologias e 
Processos Limpos (doi: 10.54499/UID/50006/2025), and to project 
PREVINE—FCT-PTDC/ASP-PES/29576/2017), through the financial 
support of the Centre for Interdisciplinary Research in Health (CIIS) 
under the Strategic Project Nos. UIDB/04279/2020 and UIDP/04279/ 
2020, through national funds (OE) and, where applicable, was co- 
financed by the FEDER-Operational Thematic Program for Competi
tiveness and Internationalization-COMPETE 2020, within the PT2020 
Partnership Agreement funded by national funds. This work was also 
supported by grant ED431C2022/23 from Xunta de Galicia (Spain).

CRediT authorship contribution statement

Cátia Vieira: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Visualization, Writing – original draft, 
Writing – review & editing. Maria Bartolomeu: Validation, Writing – 
review & editing. Pedro P. Gallego: Supervision, Writing – review & 
editing. M. Graça P.M. S. Neves: Supervision, Writing – review & 
editing. Jesús L. Romalde: Conceptualization, Funding acquisition, 
Investigation, Methodology, Project administration, Resources, Super
vision, Validation, Writing – review & editing. M. Amparo F. Faustino: 
Funding acquisition, Project administration, Resources, Supervision, 
Validation, Writing – review & editing. Adelaide Almeida: Conceptu
alization, Funding acquisition, Project administration, Resources, Su
pervision, Validation, Writing – review & editing.

Declaration of competing interest

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

Acknowledgments

The authors thank the University of Aveiro and FCT/MECI for 
financial support to the UID Centro de Estudos do Ambiente e Mar 
(CESAM) + LA/P/0094/2020 the UID/50006 LAQV-REQUIM
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[69] Romera-Castillo C, Jaffé R. Free radical scavenging (antioxidant activity) of natural 
dissolved organic matter. Mar Chem 2015;177:668–76. https://doi.org/10.1016/j. 
marchem.2015.10.008.

[70] Apostolov K. The effects of iodine on the biological activities of myxoviruses. J Hyg 
1980;84:381–8. https://doi.org/10.1017/s0022172400026905.

[71] Singhal R, Shah YM. Oxygen battle in the gut: hypoxia and hypoxia-inducible 
factors in metabolic and inflammatory responses in the intestine. J Biol Chem 
2020;295:10493–505. https://doi.org/10.1074/jbc.REV120.011188.

[72] Gross EM, Brune A, Walenciak O. Gut pH, redox conditions and oxygen levels in an 
aquatic caterpillar: potential effects on the fate of ingested tannins. J Insect Physiol 
2008;54:462–71. https://doi.org/10.1016/j.jinsphys.2007.11.005.

[73] Abdulaziz A, Pramodh AV, Sukumaran V, Raj D, John AMVB. The influence of 
photodynamic antimicrobial chemotherapy on the microbiome, neuroendocrine 
and immune System of Crustacean Post Larvae. Toxics 2022;11:36. https://doi. 
org/10.3390/toxics11010036.

[74] Tolomei A, Burke C, Crear B, Carson J. Bacterial decontamination of on-grown 
Artemia. Aquaculture 2004;232:357–71. https://doi.org/10.1016/S0044-8486 
(03)00540-4.

[75] Sun X, Yang C, Zhang W, Zheng J, Ou J, Ou S. Toxicity of formaldehyde, and its 
role in the formation of harmful and aromatic compounds during food processing. 
Food Chem X 2025;25:102225. https://doi.org/10.1016/j.fochx.2025.102225.

[76] Simpson AMA, Mitch WA. Chlorine and ozone disinfection and disinfection 
byproducts in postharvest food processing facilities: a review. Crit Rev Environ Sci 
Technol 2022;52:1825–67. https://doi.org/10.1080/10643389.2020.1862562.

[77] Affrald RJ. Sodium hypochlorite and its environmental impacts ; time to switch for 
herbal alternatives. Toxicol Int 2022;29:215–26. https://doi.org/10.18311/ti/ 
2022/v29i2/29010.

[78] Gamito G, Monteiro CJ, Dias MC, Oliveira H, Silva AM, Faustino MAF, Silva S. 
Impact of Fe(3)O(4)-porphyrin hybrid nanoparticles on wheat: physiological and 
metabolic advance. J Hazard Mater 2024;471:134243. https://doi.org/10.1016/j. 
jhazmat.2024.134243.

[79] Alves E, Rodrigues JMM, Faustino MAF, Neves MGPMS, Cavaleiro JAS, Lin Z, 
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