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Abstract: Photodynamic antimicrobial chemotherapy (PACT), employing a combination of light
and natural photosensitizer molecules such as curcumin, has been accepted as a safe modality for
removing aquatic pathogens which cause diseases such as cholera in humans and vibriosis in aquatic
animals. Curcumin and its photodegradation products are generally considered as safe to animals,
but the impact of reactive oxygen species (ROS) generated by these products on the growth and
survival of organisms at a cellular level has not been studied in detail. The ROS generated by
curcumin on photoexcitation using blue light (λmax 405 nm, 10 mW cm−2) disinfects more than 80%
of free-living Vibrio spp. in the rearing water of Penaeus monodon. However, it is less effective against
Vibrio spp. colonized inside P. monodon because the carapace of the animal prevents the transmission
of more than 70% of light at the 400–450 nm range and thus reduces the formation of ROS. The
influence of curcumin and photoexcited curcumin on the microbiome of P. monodon were revealed by
nanopore sequencing. The photoexcited curcumin induced irregular expression of genes coding the
moult-inhibiting hormone (MIH), Crustacean hyperglycaemic hormone (CHH)), prophenoloxidase
(ProPO), and crustin, which indicates toxic effects of ROS generated by photoexcited curcumin on the
neuroendocrine and immune systems of crustaceans, which could alter their growth and survival in
aquaculture settings. The study proposed the cautious use of photodynamic therapy in aquaculture
systems, and care must be taken to avoid photoexcitation when animals are experiencing moulting or
environmental stress.

Keywords: photodynamic therapy; curcumin; water-associated pathogen; reactive oxygen; aquacul-
ture; neuroendocrine toxicity

1. Introduction

Extensive studies have been conducted over the past decade on identifying alternative
molecules and strategies to reduce or replace the prophylactic and therapeutic application
of antibiotics [1–3]. Photodynamic therapy (PDT) is a novel approach and could reduce
bacterial pathogens without leaving chances of emerging resistance [4]. Recent review
summarized the advancements in PDT, and its application in the treatment of cancer, dental
infections, skin infections, disinfecting near-patient surfaces, food processing, sewage
treatment, and aquaculture [4]. Photodynamic therapy includes a combination of light
and a photosensitizer having unique photoluminescence properties. The photoexcited
photosensitizer undergoes a photochemical reaction or intersystem crossing to generate
its long-lived triplet excited state (T1). The triplet excited state species follows two types
of reaction mechanisms (Type 1 and Type 2). In the Type 1 mechanism, an electron may
be transferred from an excited photosensitizer (PS) to the water and other molecules in
the proximity to produce a superoxide, whereas in the Type 2 mechanism, the excited
PS transfers the excess energy directly to molecular oxygen to generate excited state
1O2 [4]. Therefore, synthesized reactive oxygen species (ROS) can induce toxic effects to
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the biological molecules such as proteins, lipids, and DNA in the proximity. The chemical
pollutants also induce oxidative stress in the aquatic systems, which induces ferroptosis,
necroptosis, and organ damage in aquatic animals [5,6]. The efficacy of photodynamic
therapy may vary depending on the excitation source, interaction of the photosensitizer
with the pathogen, and the photo properties of the excitation source.

Higher concentrations of some synthetic dyes that are used as photosensitizers are
toxic to animal cells [7], which restricts their application in antimicrobial chemotherapy.
The recent studies proposed porphyrin found in hemes and chlorophyll [8], curcumin of
turmeric [9], and aloe emodin of Aloe Vera [10] as natural photosensitizers with lower
toxicities for clinical applications. The yellow coloured polyphenolic compound, curcumin,
extracted from the rhizome of perennial plant Curcuma longa (turmeric), has been used as an
additive in food preparations, cosmetics, and ethnopharmacology [11]. The photophysical
properties and low toxicity of curcumin and its nanoparticle conjugates are attractive
qualities for its application as a natural photosensitizer in photodynamic therapy [12].
Recent studies also proposed curcumin-based photodynamic therapy for controlling water-
associated pathogens of humans and aquatic animals [13]. Water-associated diseases had
threatened the life of approximately 0.3 million children (under the age of five years)
globally in just one year (2015) [14]. Assuring safe drinking water to nearly 840 million
people across the globe who are deprived of clean drinking water has become a United
Nations sustainable development goal (SDG 6) to be achieved by 2030 [15]. Water-associated
diseases also induced severe economic loss to aquaculture, where, in shrimp culture alone,
India incurred a loss of 1.02 B US during 2018–2019 [16]. Photodynamic therapy using
curcumin as a photosensitizer has been experimented with for killing water-associated
pathogens that cause diseases to aquatic animals and the spoilage of seafood [17].

Photodynamic therapy can replace the use of antimicrobials in aquatic systems (e.g.,
aquaculture and sewage treatment); however, the ecotoxicological effects of photosensitiz-
ers, their photoexcited products, and ROS are a major concern [18–21]. The ecotoxicological
impacts of weathered products of photosensitizer nanoparticles are known and are me-
diated through the release of toxic metal ions [22]. The environmental risks associated
with phenothiazinium photosensitizers (Methylene blue, toluidine blue, and dimethyl-
methylene blue) were found to be lower compared with antifungal agents; based on these
results, photodynamic therapy was proposed as a safe tool for controlling plant-pathogenic
fungi [18]. The nonspecific interactions of ROS can also induce unintended effects on
the host cells in the proximity. In the present study, we wanted to evaluate the influence
of the photosensitizer, curcumin, on the microbiome and neuroendocrine and immune
systems of P. monodon. We also wanted to discuss the antimicrobial activity of curcumin
and photoexcited curcumin against Vibrio spp. in the rearing tanks of P. monodon.

2. Materials and Methods
2.1. Preparation of Curcumin and the Rearing of Artemia nauplii and P. monodon

The stock solution (10 mM) of curcumin (AVT natural products, India) was freshly
prepared in DMSO and sterile water (1:1) for each set of experiments. The curcumin powder
was first allowed to dissolve in DMSO completely. Then, sterile water was added and
mixed well to obtain a uniformly concentrated curcumin solution. The solution was stored
in a dark container to avoid light exposure. Different concentrations of curcumin (1, 10, 20,
30, 40, and 50 µM) were prepared in sea water from fresh stock before each experiment.

The Artemia nauplii used in the current study were reared following the method of
Sorgeloos et al. [23], which had been optimized in our laboratory for use in an earlier
study [24]. All materials used for the rearing of Artemia were previously sterilized. Briefly,
0.5 g of Artemia cysts were hydrated and kept under suspension in 45 mL of tap water
in a 250 mL capacity beaker for 1 h by sparging filter-sterilized air from the bottom.
Subsequently, the cysts in the suspension were decapsulated by treating them with an
equal volume of sodium hypochlorite (4% w/v) for 5–7 min. The decapsulated cysts were
separated from the solution by filtering them through a sieve (100 µm pore size) and
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then washed several times with sterile seawater to remove residual chlorine. The washed
cysts were resuspended overnight for hatching in 100 mL of sterile sea water in a 250 mL
beaker provided with aeration and light. The viable healthy Artemia nauplii were further
distributed into petri dishes for toxicity studies.

The post larvae (PL) of P. monodon used in the study were collected from a commercial
hatchery (Regional shrimp hatchery, Azhikode, Kerala) and were produced from one
mother. Standard rearing protocol of penaeid shrimp and regular monitoring of water
quality were followed in the hatchery [25]. The post larvae at stage 16–17 were transported
into the laboratory where they were acclimatized with aged seawater (25 psu) for 24–48 h.
The post larvae (20 nos) were distributed in a 1000 mL capacity glass beaker containing
500 mL seawater. Each tank was provided with separate aeration, and the post larvae were
fed ad libitum with commercially available pelleted feed. All experiments were completed
within 48 h of acclimatization in the laboratory. The water quality (temperature, pH,
salinity, and ammonia) of the rearing tanks was monitored regularly following standard
protocol, and the levels of pH and ammonium were maintained at 7.5 to 8.0 and <0.1 mgL−1,
respectively, by exchanging 30–40% of the water daily.

2.2. Spectral Properties and Toxicity of Curcumin

The UV–Visible absorption spectra of curcumin and transmittance spectra of shrimp
carapace were measured in a UV–Vis Spectrophotometer (Shimadzu UV 1800, Shimadzu,
Mumbai, India). The absorption spectra of curcumin (25 µM) before and after photoexcita-
tion for 60 min were measured at equal (10 min) time intervals. After recording the initial
absorption spectrum, the curcumin solution was exposed to light (10 mW cm−2) from a
blue LED source (λmax 405 nm). The light transmittance of the carapace of an adult shrimp
was also measured. A piece of a cleaned carapace 30 mm in size was inserted vertically
in the cuvette holder of the UV–Vis spectrophotometer and the transmittance of light was
measured at a range of 250–800 nm.

Different concentrations (1, 10, 20, 30, 40, and 50 µM) of curcumin and their toxicity
towards Artemia nauplii and P. monodon were tested separately. A control without photoex-
citation was also maintained, and all experiments were done in triplicates. Artemia nauplii
(20 nos) were distributed in a six-well plate and each well was supplemented with different
concentrations of curcumin in sterile sea water and exposed to light emitted from an LED
light source (λmax 405 nm, 10 mW cm−2) for 30 min. The numbers of live Artemia nauplii
were counted after 24 h of treatment with curcumin and photoexcited curcumin.

The toxicity levels of curcumin and photoexcited curcumin towards the post larvae
of P. monodon were also tested. Here, the post larvae of P. monodon were distributed in
experimental tanks as outlined in the above section. Separate tanks were maintained
for each concentration of curcumin and photoexcited curcumin. The tanks assigned for
photoexcited curcumin were exposed to light emitted from an LED light source (λmax
405 nm) for 15 min. The post larvae of P. monodon in all tanks were maintained with an
adequate supply of air and food ad libitum, and the numbers for ones that survived after
24 h were counted manually. The temperature of the water in all cases of exposure to light
was recorded continuously with a sensor immersed in the water (iButton DS1922l#5).

2.3. Abundance of Vibrio spp. in P. monodon Exposed to Photoexcited Curcumin

Crustaceans are the natural carriers of Vibrio spp., and they succumb to disease out-
breaks caused by these bacteria at times depending on water quality deteriorations in the
larval rearing systems [3,26]. The abundance of free-living and animal-associated Vibrio
spp. in the rearing tanks of P. monodon exposed to different concentrations of curcumin
and light was monitored by a standard culture-dependent method. Samples were collected
before and after 1 h of the photoexcitation experiments. Water samples were serially diluted
up to six times with saline (0.8% NaCl), and 100 µL from each dilution were spread over
the surface of a Vibrio-specific medium, TCBS agar. Larval samples were macerated with
saline and diluted up to six times. One hundred microlitres of sample from each dilution
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were spread over the surface of the TCBS agar. All plates were incubated at 37 ◦C for 24
h and the numbers of colonies per plate were counted. The numbers of colonies in the
water sample and in the animal were expressed as colony forming units (cfu) mL−1 and
cfu g−1, respectively. The percentage reduction in the abundance of Vibrio spp. in each
treatment was calculated in comparison with the microbial cell count in the same sample
before the treatment.

2.4. Microbiome of P. monodon Exposed to Photoexcited Curcumin

Post larvae exposed to different concentrations of curcumin (0, 10, 30, and 50 µM) in
the absence and presence of photoexposure were collected and preserved immediately in
RNAlater solution (Sigma Aldrich, Bangalore, India) and stored at −20 ◦C freezer for DNA
extraction. Total DNA extractions were performed from all these samples with Dneasy
Blood & Tissue Kit (Qiagen India Pvt Ltd., Delhi, India). The quality of DNA was checked
on an agarose gel, and DNA quantification was done on a nanodrop spectrophotometer.
DNA extractions diluted to a uniform concentration of 50 ng/µL were used as the template
for PCR amplification along universal full length 16s rRNA Primers tailed with a PCR
adaptor sequence and a LongAmp Taq 2×master mix (New England Biolabs, MA, USA).
The amplicons obtained were purified using 1.6× AMPure XP beads (Beckmann Coulter
India Pvt Ltd., Bangaluru, India). Precisely 25 ng of purified amplicons were barcoded
using a second PCR reaction with the LongAmp Taq 2× (NEB, USA) and then cleaned up
again with 1.6× AMPure beads. The barcoded amplicons were quantified using Qubit
and were pooled into one at equimolar concentration. Then, end repair of this sample was
performed using a NEB next ultra II end repair kit (NEB, USA) and further purified with
1× AMPure beads. Next, Adapter ligation (AMX) was performed with the sample using a
NEB blunt/TA ligase (NEB USA) for 15 min. The final Library mix was cleaned up again
using AMPure beads and finally eluted into 15 µL of elution buffer. Nanopore Sequencing
was performed on an Mk1C device (Oxford Nanopore Technologies, Oxford, UK) using
SpotON flow cell R9.4 (FLO-MIN106) in a 48 h sequencing protocol.

The long-read raw data obtained from a Nanopore sequencer were base-called and de-
multiplexed using Guppy v2.3.4 available on the ONT community site (https://community.
nanoporetech.com, accessed on 28 September 2022). The barcodes and adapters from the
reads were removed using Porechop (https://github.com/rrwick/Porechop, accessed
on 30 September 2022). The sequences were filtered with NanoFilt [27] to remove reads
with a quality score smaller than 9 and a read length between 100 bp and 1800 bp. Read
quality statistics and plots were obtained using NanoPlot [27] and EPI2ME Desktop Agent
software provided by Oxford Nanopore Technologies (ONT). A quantitative assessment of
taxonomic representation within each sample was done by a wf–metagenomic Nextflow
workflow in EPI2ME Labs provided by ONT using the NCBI 16S + 18S rRNA database. This
workflow uses Kraken2 [28] and minimap2 [29] programs for the taxonomic classification
of sequences from metagenome samples. Alpha and Beta diversity matrices of the samples
were obtained using QIIME2 pipeline version 2022.8 [30]

2.5. Neuroendocrine (MIH, CHH) and Immune (Crustin, PoPO) Gene Expression

Post larval samples were collected before treatment and then one and two days after
treatment with curcumin and photoexcited curcumin; the samples were stored in RNAlater
solution (Sigma, St. Louis, MO, USA) at −20 ◦C for RNA extraction and further analysis
of gene expression. The total RNA was extracted from tissue samples of the animal using
commercially available Trizol (Thermo Fisher Scientific Inc, Waltham, MA, USA). The
genomic DNA was removed by treating the total RNA with Rnase-free Dnase (0.2 U) for
10 min at 37 ◦C and at 75 ◦C for 10 min. The purity and concentration of this extracted
RNA were confirmed by measuring the absorbance (Abs 260/280 nm) in a nanodrop
(ND1000 spectrophotometer V3.8). An aliquot of 1 µg total RNA was reverse-transcribed
in a 20 µL reaction volume using Monster kit first strand cDNA synthesis kit (Epicentre
Biotechnologies, Madison, WI, USA) following the instruction protocol.

https://community.nanoporetech.com
https://community.nanoporetech.com
https://github.com/rrwick/Porechop


Toxics 2023, 11, 36 5 of 14

Expression of neuroendocrine hormones (moult-inhibiting hormone (MIH) and Crus-
tacean hyperglycaemic hormone (CHH)), and immune- (Prophenoloxidase (ProPO) and
antimicrobial peptide- (Crustin) genes was measured by an absolute quantitative real-time
PCR (qRT-PCR) method. Details on the preparation of standards for the RT-PCR and their
confirmation using cloning and sequencing were described in our previous manuscript [31].
Primer sets used for the PCR were given in Table 1. The PCR amplification was performed
in a total volume of 10 µL containing 2 × SYBR Premix Ex Taq II (Tli Rnase H Plus) (Takara,
California, USA), 1 µL of cDNA (1/25 diluted), and 10 pm/µL of each primer. The qRT-PCR
program was 95 ◦C for 600 s followed by 45 cycles of 95 ◦C for 10 s, 56 ◦C for 10 s and 72 ◦C
for 10 s; completion was with a dissociation (melt curve) analysis of amplified products
performed at the end of each cycle to confirm the amplification and detection of confirmed
PCR product. cDNA of the post larvae of P. monodon collected prior to and after treatment
with curcumin and photoexcited curcumin were used for analysis of MIH I, CHH, ProPO,
and crustin. Plasmids containing MIH (119 bp), CHH (113 bp), crustin (119 bp), and ProPO
(122 bp) were used to make 10-fold dilutions from 1.88 × 109 (MIH I), 2.59 × 109 (CHH),
1.31 × 1010 (crustin), and 5.21 × 108 (ProPO) copies down to one copy of the starting
molecule. The obtained plasmid DNA standard curve equations were used to calculate the
absolute copy number of three genes in the test and control samples. Each sample was run
in triplicates for each gene and each day of the experiment. The absolute quantification
data obtained were analysed using Roche Lightcycler 96 software (Roche, San Francisco,
CA, USA).

Table 1. Primer details of three genes used for absolute quantitative real-time PCR analysis.

Sl
No. Gene Primer Sequence (5′-3′) Tm

(◦C)
Amplicon
Size (bp) Reference

1. MIH F- TAGTGCGTGTGTGTGAGGAT
R- CCTGTTGGCAGCCTTTAGAC 56 119 [31]

2. CHH F- GCCGAATGCAGGAGTAACTG
R- TTGCCGAGCCTCTGTAGG 56 113 [31]

3. Crustin F- AGTTCCTGGAGTTGGAGGTGGATT
R- ACCTCGTTCTGCAGTAATTGCACTC 56 119 [32]

4 ProPO F- CGGTGACAAAGTTCCTCTTC
R- GCAGGTCGCCGTAGTAAG 56 122 [32]

2.6. Statistical Analysis

The statistical significance of the differences obtained between the curcumin and the
photoexcited-curcumin-treated groups on the toxicity and expression of neuroendocrine
and immune genes was tested by applying a single factor ANOVA (p < 0.05). All ex-
periments were conducted in triplicates and the values are presented with ± standard
deviation (sd).

3. Results
3.1. Spectral Properties and Toxicity of Curcumin

Curcumin had a broad absorption in the violet and blue (380–500 nm) region of light
with a peak at approximately 420 nm under dark conditions (Figure 1A). This indicates
the possibility of exciting curcumin with a light source having an emission peak at approx-
imately 400–450 nm. The light exposure during the photodynamic therapy reduced the
colour and absorption properties of curcumin in water (Figure 1B). The absorption spectra
of curcumin remained intact under dark condition (Figure 1A) while they showed a shift
towards the violet region with a reduction in absorption peak with increasing exposure to
light from an LED source (Figure 1B). This was also evident in the images of the curcumin
solution, which became apparently clear after 30 min exposure to light.
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Figure 1. Changes in the absorption spectra of curcumin at different time intervals on exposure to
dark (A) and light (B). The images of curcumin solution at different time intervals of photoexcitation
are also given on the right side.

Although the blue light can pass through the water and excite curcumin, the shell (i.e.,
carapace) of certain aquatic animals (e.g., Crustaceans) blocks the transmission of blue light
(Figure 2). The carapace of P. monodon transmitted less than 30% of the light in the desired
wavelength of <450 nm (Figure 2). The curcumin was not toxic to the Artemia nauplii
or the post larvae of P. monodon (Figure 3). Artemia nauplii exposed to 50 µM curcumin
and photoexcited curcumin for 24 h showed a survival rate of 90.8 ± 2% and 85 ± 5%,
respectively. The survival rate of P. monodon was 97.5 ± 3. 5 % and 83.8 ± 8.6 % at 24 h after
exposure to zero and 50 µM curcumin, respectively, and 82.1 ± 17.9% and 89.3 ± 11.1% for
photoexcited curcumin under the same conditions.
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Figure 3. Toxicity of Curcumin (blue) and photoexcited curcumin (red) to Artemia nauplii (A) and
post larvae of Penaeus monodon (B). Results are presented as average ± standard deviation (sd). The
differences obtained in the toxicity were not statistically significant (p > 0.05).

3.2. Abundance of Vibrio spp. and Microbiome of Shrimp Larvae Exposed to
Photoexcited Curcumin

Vibrio spp. are the natural inhabitants of the larval rearing systems and are found as
free-living organisms or in association with the larvae and live-feed of the larvae [3,26,33].
The abundance of the residential population of Vibrio spp. in the water column and
the animal samples of the rearing tank was in the order of 103 cfu mL−1 and 106 cfu g−1,
respectively. Our results indicated that more than 80% of the residential population of Vibrio
spp. in the water column were disinfected on exposure to 10 µM of photoexcited curcumin
and an almost complete reduction was observed at 30 µM (Figure 4). A similar response
was not found among the post larvae of P. monodon on exposure to photoexcited curcumin
(Figure 4). A maximum of 68 ± 17% reduction in the abundance of Vibrio spp. associated
with the animal samples was recorded on exposure to 10 µM of photoexcited curcumin,
which remained static up to 40 µM. A notable reduction in the abundance of Vibrio spp.
associated with P. monodon was observed on exposure to 50 µM of photoexcited curcumin.
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Similar results were also observed on the microbiome composition of P. monodon
exposed to curcumin and photoexcited curcumin. The abundance of phylum proteobacteria,
under which Vibrio spp. are listed, reduced with exposure to increasing concentrations
of photoexcited curcumin (Table 2). The changes in the values of diversity indices also
confirmed the influence of different concentrations of curcumin and photoexcited curcumin
on the microbiome composition of P. monodon. The reduced abundance of firmicutes,
actinobacteria, and Bacteroidetes also confirms the broad-spectrum activity of ROS.

Table 2. Microbiome analysis of P. monodon exposed to different concentrations of curcumin in the
presence and absence of photoexcitation.

Without Photoexcitation With Photoexcitation

Curcumin (µM) 0 10 30 50 0 10 30 50

Total read of
nanopore

sequencing

671,518 119,439 145,340 158,835 366,319 330,755 178,973 169,091

Reads
filtered (>300 bp)

439,981 84,764 98,935 95,529 249,984 222,984 139,451 131,852

Diversity indices

Chao 1 174,075.9 50,176.9 74,701.9 74,791.1 120,947.1 136,122.7 115,726.3 116,070.5

Shannon 13.78 10.26 12.97 12.15 12.98 12.17 9.65 10.42

Top 5 abundant bacterial phylum (%)

Proteobacteria 15.39 8.26 9.87 13.43 14.42 9.13 2.5 3.7

Firmicutes 1.75 5.26 2.42 1.51 2.48 1.82 0.71 0.17

Actinobacteria 0.64 0.47 0.38 0.25 0.89 0.26 0.11 0.03

Bacteroidetes 0.64 0.11 0.44 0.41 0.57 0.39 0.14 0.19

Thermotogae 0.10 0.20 0.30 0.27 0.49 0.35 00 00

3.3. Neuroendocrine and Immune Gene Expression

We studied the changes in the expression levels of neuroendocrine and immune genes
in the post larvae of P. monodon on the 1st and 2nd day after exposure to curcumin and
photoexcited curcumin (Figure 5). The level of expression on the 1st and 2nd day after the
treatment was calculated in comparison with that of 0 day (i.e., before exposure to curcumin
or photoexcited curcumin). On the 1st day, the expression of the CHH gene increased by 196
and 692 times, respectively, in P. monodon exposed to curcumin and photoexcited curcumin.
The expression of the MIH gene also increased by 15 and 101 times, respectively, in animals
exposed to curcumin and photoexcited curcumin on the 1st day. The level of expression
of the CHH and MIH genes reduced on the 2nd day after treatment. The immune genes
showed irregular expression on treatment with curcumin and photoexcited curcumin. An
increase by 13 and 3 times in the expression of crustin was observed on the 1st and 2nd
day, respectively, after exposure to curcumin, while there was a decrease in those groups
exposed to photoexcited curcumin. A decrease by 78 times in the expression of ProPO was
observed in the post larvae of P. monodon on the 1st and 2nd day after exposure to curcumin
alone. The expression of ProPO in P. monodon decreased by 27 times on the 1st day and
increased by 116 times on the 2nd day after exposure to photoexcited curcumin.
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Samples were analysed one (D1) and two (D2) days after exposure to curcumin (a) and photoexcited
curcumin (b). The differences observed between both treatment groups are statistically significant
(marked as *, p < 0.05).

4. Discussion

Many studies have shown the efficiency of PACT in controlling bacterial infections, and
their application in preventing pathogens has become the basis of clean water and sanita-
tion under the United Nations sustainable development goal (SDG 6) [4,13]. Curcumin, the
polyphenolic pigment extracted from the rhizome of Curcuma longa, has been accepted as a
natural photosensitizer in photodynamic therapy to disinfect water-associated, food-borne,
and cutaneous pathogens [13,34]. Curcumin and its photoexcited products are not toxic to
animals, and clinical studies have shown that daily consumption of 12 g of curcumin for
three months is safe for animals [35]. The broad absorption spectrum of curcumin varies
in organic and aqueous solvents depending on the solvent characteristics, temperature,
and substitutions of functional groups in the curcumin [13]. The changes in the absorption
properties of photoexcited curcumin are due to the self-sensitized pseudo-unimolecular
degradation by electron transfer from the excited state to molecular oxygen in the solu-
tion [13,36,37]. Several photoactive intermediates and products are generated during the
photosensitized oxygenation and ROS-mediated degradation of curcumin [13,37].

Curcumin generates singlet oxygen on photoexcitation, which rapidly disinfects the
planktonic bacteria in the local environment through disrupting their cell wall [13]. The
excited-state properties of curcumin, such as the triplet energy (ca. 191 kJ mol−1), triplet
quantum yield (ca. 0.11), and the triplet lifetime (ca. 1.5 µs), support their abilities to
generate singlet oxygen, while the initiation of ROS pathways through electron trans-
fer to oxygen and superoxide generation are possibilities. Our previous experiments
using molecular sensors (9,10-anthracenediyl-bis(methylene) dimalonic acid (ADMA)
and N-[10-(9-,10-dimethylanthracen-2-yl)-7-(dimethylamino)-5,5-dimethylbenzo(b,e)siliN-
3(5H)-ylidene]-N-methylmethanaminium chloride (SiDMA) also confirmed the abilities of
curcumin to produce singlet oxygen on photoexcitation [13]. ROS generated by photoex-
cited curcumin have been shown to be efficient in disinfecting bacterial pathogens associ-
ated with oral infections [38,39], spoilage of food [40,41], water-associated pathogens [13],
and biofilm-forming bacteria associated with plastics [9]. The alterations in the microbiome
of penaeid shrimps in response to elevated ROS have been reported under various clinical
conditions and heavy metal stresses [42,43]. First generation photosensitizers such as rose
Bengal and toluidine blue were shown to kill both Gram-negative and -positive bacteria
by disrupting their cell wall [4,24,44]. However, the ROS-mediated killing of pathogens is
largely restricted to the immediate proximity of a photosensitizer due to the short lifetime
of singlet oxygen [45]. Several strategies, including the biofunctionalization of photosen-
sitizers to encourage their site-specific delivery [46], increasing the concentration of ROS
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through supply of oxygen by conjugating with a photosynthetic organism [47], enhancing
the coverage area of ROS through enzymatic micromotors [48], and increasing lifetime by
using enhancers of ROS such as potassium iodide, have been experimented with in the
recent past to overcome the limitation of the short lifetime of ROS in photodynamic therapy.

The reduced activity of photoexcited curcumin against Vibrio spp. associated with post
larvae of P. monodon compared with that of water could be attributed to the lower chances
of ROS generation within the animal body due to a low penetration of light, as evident from
the spectral properties of the carapace of P. monodon and the innate antioxidant mechanisms
of the animal. The carapace prevented the transmission of over 70% of the light at this
wavelength (400–450 nm), which could reduce the efficacy of ROS generation. The chitinous
exoskeletons of crustaceans are the primary attachment point of Vibrio spp., wherein they
are protected from chemical disinfectants [49,50]. Aquatic crustaceans such as copepods
and shrimps are known as the reservoirs of pathogenic Vibrio spp. [26]. This has created a
major hurdle in eradicating V. cholerae from drinking-water sources and pathogenic Vibrio
spp. in aquaculture settings. A 68 ± 17% reduction in Vibrio spp. abundance is promising
as it could reduce the chances of disease outbreaks. Nanopore sequencing results of the
microbiome of P. monodon also confirmed that the relative abundance of proteobacteria,
firmicutes, and actinobacteria were decreased with exposure to increasing concentrations
of photoexcited curcumin. Results indicate the potential of this technique for reducing the
load of pathogenic Vibrio spp. in aquaculture systems. Alterations in the microbiome of
penaeid shrimps were observed on exposure to metal ions, free radicals, microplastics, and
toxic chemicals [43,51–53]. The remarkable point is that the reduction in pathogen load is
achieved without using any toxic chemicals or the emergence of resistance.

Although curcumin and its photodegradative products are safe for disinfecting water-
associated pathogens, their impact on the cellular mechanisms affecting the growth and
survival of other organisms living in the same water column are still debatable because the
ROS generated during therapy are nonspecific. The current study reported the changes
in the expression levels of neuroendocrine and immune genes of P. monodon exposed to
curcumin and photoexcited curcumin. The higher expression of the MIH I gene by seven
times in those groups exposed to photoexcited curcumin compared with curcumin indi-
cates the role of ROS in the over-expression of neuroendocrine genes. The over-expression
of MIHs, clustered mostly in the eyestalk of P. monodon, may inhibit the synthesis of
ecdysteroid in Y-organs and that could alter the moulting frequency and growth of an-
imals [54,55]. Similar variations in the expression of MIH I genes were reported from
crustaceans exposed to irregular light/dark cycles, and was induced by ROS stress which
led to alterations in the circadian rhythm and arrhythmic moulting [56]. The CHH gene
expression controls the glucose metabolism and involves in maintenance of general physi-
ology in crustaceans [57]. The over-expression of the CHH gene induced in photoexcited
curcumin treatment may contribute to the induction of phagocytosis and stimulation of
immune functions in P. monodon. Over-expression of the CHH gene and hyperglycaemia are
a general response of many aquatic animals towards environmental stress, metal pollution,
and infections [58–60]. The ROS accumulation created by the photoexcited curcumin also
would have triggered the expression of CHH in the same way a bacterial infection does.
High concentrations of ROS act as major effectors of the ProPO system; the slow build-up
of ROS by the photoexcited curcumin reversed the initial downregulation of ProPO on
the second day of treatment. An enhanced immune response toward curcumin has been
reported in shrimps and fishes [61–63], but a weakening of the immune system for a short
time by the photodegradation products of curcumin has been reported for the first time.

5. Conclusions

Results of the study recommend photodynamic antimicrobial chemotherapy with cur-
cumin as a photosensitizer as a propitious strategy to disinfect water-associated pathogens
in the larval rearing system of P. monodon while the implications of photoexcited curcumin
on the animal is cautioned. Curcumin and photoexcited curcumin can cause changes in
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the expression levels of moult-inhibiting hormone (MIH) and Crustacean hyperglycaemic
hormone (CHH), which may impinge the animals’ growth and survival. Therefore, photo-
dynamic therapy should be avoided in aquaculture systems when animals are undergoing
moulting or are exposed to environmental stress. The duration of photoexcitation should
be kept to a minimum to avoid the build-up of ROS beyond the tolerance limit of the
organisms being cultivated.

Author Contributions: Conceptualization, A.A. and V.S.; methodology, A.V.P. and A.M.V.B.J.; soft-
ware, D.R.; validation, A.A., V.S., and D.R.; formal analysis, A.A.; investigation, A.A.; resources,
A.V.P. and A.M.V.B.J.; data curation, A.V.P. and D.R.; writing—original draft preparation, A.A., A.V.P.,
and V.S; writing—review and editing, A.A.; visualization, A.A. and D.R.; supervision, A.A.; project
administration, A.A.; funding acquisition, A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Department of Biotechnology, Government of India
(BT/PR26858/AAQ/3/880/2017).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The Nanopore metagenome sequences were deposited to DDBJ/ENA/
GenBank under BioProject accession number PRJNA916655, BioSample accession numbers
SAMN32489654, SAMN32489655, SAMN32489656, SAMN32489657, SAMN32489658, SAMN32489659,
SAMN32489660, SAMN32489661 and SRA accession numbers SRR22924198, SRR22924199,
SRR22924200, SRR22924201, SRR22924202, SRR22924203, SRR22924204.

Acknowledgments: The authors thank the Director, CSIR-National Institute of Oceanography, Goa,
and Scientist-in-Charge CSIR-NIO Regional Centre Kochi for extending all the required support. This
is CSIR-NIO contribution # 7010.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ghosh, C.; Sarkar, P.; Issa, R.; Haldar, J. Alternatives to conventional antibiotics in the era of antimicrobial resistance. Trends

Microbiol. 2019, 27, 323–338. [CrossRef] [PubMed]
2. Sakari, M.; Laisi, A.; Pulliainen, A.T. Exotoxin-targeted drug modalities as antibiotic alternatives. ACS Infect. Dis. 2022, 8, 433–456.

[CrossRef] [PubMed]
3. Anas, A.; Sukumaran, V.; Nampullipurackal Devarajan, D.; Maniyath, S.; Chekidhenkuzhiyil, J.; Mary, A.; Parakkaparambil

Kuttan, S.; Tharakan, B. Probiotics inspired from natural ecosystem to inhibit the growth of Vibrio spp. causing white gut
syndrome in Litopenaeus vannamei. 3 Biotech 2021, 11, 66. [CrossRef] [PubMed]

4. Anas, A.; Sobhanan, J.; Sulfiya, K.M.; Jasmin, C.; Sreelakshmi, P.K.; Biju, V. Advances in photodynamic antimicrobial chemotherapy.
J. Photochem. Photobiol. C Photochem. Rev. 2021, 49, 100452. [CrossRef]

5. Cui, J.; Zhou, Q.; Yu, M.; Liu, Y.; Teng, X.; Gu, X. 4-tert-butylphenol triggers common carp hepatocytes ferroptosis via oxidative
stress, iron overload, SLC7A11/GSH/GPX4 axis, and ATF4/HSPA5/GPX4 axis. Ecotoxicol. Environ. Saf. 2022, 242, 113944.
[CrossRef]

6. Xu, T.; Liu, Q.; Chen, D.; Liu, Y. Atrazine exposure induces necroptosis through the P450/ROS pathway and causes inflammation
in the gill of common carp (Cyprinus carpio L.). Fish Shellfish Immunol. 2022, 131, 809–816. [CrossRef]

7. Kirszberg, C.; Rumjanek, V.M.; Capella, M.A.M. Methylene blue is more toxic to erythroleukemic cells than to normal peripheral
blood mononuclear cells: A possible use in chemotherapy. Cancer Chemother. Pharmacol. 2005, 56, 659–665. [CrossRef]

8. Tian, J.; Huang, B.; Nawaz, M.H.; Zhang, W. Recent advances of multi-dimensional porphyrin-based functional materials in
photodynamic therapy. Coord. Chem. Rev. 2020, 420, 213410. [CrossRef]

9. Dou, F.; Huang, K.; Nitin, N. Targeted Photodynamic Treatment of Bacterial Biofilms Using Curcumin Encapsulated in Cells and
Cell Wall Particles. ACS Appl. Bio Mater. 2021, 4, 514–522. [CrossRef]

10. Ma, W.; Liu, C.; Li, J.; Hao, M.; Ji, Y.; Zeng, X. The effects of aloe emodin-mediated antimicrobial photodynamic therapy on
drug-sensitive and resistant Candida albicans. Photochem. Photobiol. Sci. 2020, 19, 485–494. [CrossRef]

11. Zaki Ahmad, M.; Akhter, S.; Mohsin, N.; A Abdel-Wahab, B.; Ahmad, J.; Husain Warsi, M.; Rahman, M.; Mallick, N.; Jalees
Ahmad, F. Transformation of curcumin from food additive to multifunctional medicine: Nanotechnology bridging the gap. Curr.
Drug Discov. Technol. 2014, 11, 197–213. [CrossRef] [PubMed]

http://doi.org/10.1016/j.tim.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30683453
http://doi.org/10.1021/acsinfecdis.1c00296
http://www.ncbi.nlm.nih.gov/pubmed/35099182
http://doi.org/10.1007/s13205-020-02618-2
http://www.ncbi.nlm.nih.gov/pubmed/33489684
http://doi.org/10.1016/j.jphotochemrev.2021.100452
http://doi.org/10.1016/j.ecoenv.2022.113944
http://doi.org/10.1016/j.fsi.2022.10.022
http://doi.org/10.1007/s00280-005-1014-3
http://doi.org/10.1016/j.ccr.2020.213410
http://doi.org/10.1021/acsabm.0c01051
http://doi.org/10.1039/c9pp00352e
http://doi.org/10.2174/1570163811666140616153436
http://www.ncbi.nlm.nih.gov/pubmed/24934264


Toxics 2023, 11, 36 12 of 14

12. Dias, L.D.; Blanco, K.C.; Mfouo-Tynga, I.S.; Inada, N.M.; Bagnato, V.S. Curcumin as a photosensitizer: From molecular structure
to recent advances in antimicrobial photodynamic therapy. J. Photochem. Photobiol. C Photochem. Rev. 2020, 45, 100384. [CrossRef]

13. Moideen, S.K.; Anas, A.; Sobhanan, J.; Zhao, H.; Biju, V. Photoeradication of aquatic pathogens by curcumin for clean and safe
drinking water. J. Photochem. Photobiol. A Chem. 2022, 432, 114104. [CrossRef]

14. Unicef. Over 300,000 Choldren under Five Died from Diarrhoeal Diseases Linked to Limited access to Safe Water, Sanitation and Hygiene in
2015; Mekki, N., Tidey, C., Eds.; Unicef: New York, NY, USA, 2016; Available online: https://www.unicef.org/media/media_92
918.html (accessed on 25 December 2022).

15. Sathyendranath, S.; Anas, A.; Menon, N.; George, G.; Evers-King, H.; Kulk, G.; Colwell, R.; Jutla, A.; Platt, T. Building capacity
and resilience against disease transmitted via water under climate perturbations and extreme weather stress. In Space Capacity
Building in the XXI Century; Studies in Space Policy; Ferretti, S., Ed.; Springer: Cham, Switzerland, 2020; Volume 22.

16. Patil, P.K.; Geetha, R.; Ravisankar, T.; Avunje, S.; Solanki, H.G.; Abraham, T.J.; Vinoth, S.P.; Jithendran, K.P.; Alavandi, S.V.;
Vijayan, K.K. Economic loss due to diseases in Indian shrimp farming with special reference to Enterocytozoon hepatopenaei
(EHP) and white spot syndrome virus (WSSV). Aquaculture 2021, 533, 736231. [CrossRef]

17. Wu, J.; Mou, H.; Xue, C.; Leung, A.W.; Xu, C.; Tang, Q.-J. Photodynamic effect of curcumin on Vibrio parahaemolyticus. Photodiagnosis
Photodyn. Ther. 2016, 15, 34–39. [CrossRef]

18. Andrade, G.C.; Brancini, G.T.P.; Abe, F.R.; de Oliveira, D.P.; Nicolella, H.D.; Tavares, D.C.; Micas, A.F.D.; Savazzi, E.A.; Silva-Junior,
G.J.; Wainwright, M.; et al. Phenothiazinium dyes for photodynamic treatment present lower environmental risk compared to a
formulation of trifloxystrobin and tebuconazole. J. Photochem. Photobiol. B Biol. 2022, 226, 112365. [CrossRef] [PubMed]

19. Fischer, B.B.; Krieger-Liszkay, A.; Eggen, R.I.L. Photosensitizers Neutral Red (Type I) and Rose Bengal (Type II) Cause Light-
Dependent Toxicity in Chlamydomonas reinhardtii and Induce the Gpxh Gene via Increased Singlet Oxygen Formation. Environ.
Sci. Technol. 2004, 38, 6307–6313. [CrossRef]

20. Pelletier, É.; Sargian, P.; Payet, J.; Demers, S. Ecotoxicological Effects of Combined UVB and Organic Contaminants in Coastal
Waters: A Review. Photochem. Photobiol. 2006, 82, 981–993. [CrossRef]

21. Luo, Z.; Li, Z.; Xie, Z.; Sokolova, I.M.; Song, L.; Peijnenburg, W.J.G.M.; Hu, M.; Wang, Y. Rethinking Nano-TiO2 Safety: Overview
of Toxic Effects in Humans and Aquatic Animals. Small 2020, 16, 2002019. [CrossRef]

22. Blasco, J.; Corsi, I. Ecotoxicology of Nanoparticles in Aquatic Systems; CRC Press: Boca Raton, FL, USA, 2019.
23. Sorgeloos, P.; Bossuyt, E.; Laviña, E.; Baeza-Mesa, M.; Persoone, G. Decapsulation of Artemia cysts: A simple technique for the

improvement of the use of brine shrimp in aquaculture. Aquaculture 1977, 12, 311–315. [CrossRef]
24. Asok, A.; Arshad, E.; Jasmin, C.; Somnath Pai, S.; Bright Singh, I.S.; Mohandas, A.; Anas, A. Reducing Vibrio load in Artemia

nauplii using antimicrobial photodynamic therapy: A promising strategy to reduce antibiotic application in shrimp larviculture.
Microb. Biotechnol. 2012, 5, 59–68. [CrossRef]

25. Cook, H.L. A Method of Rearing Penaeid Shrimp Larvae for Experimental Studies; FAO Fisheries Report; FAO: Rome, Italy, 1969;
Volume 57, pp. 709–715.

26. Racault, M.-F.; Menon, A.A.; Jasmin, C.; Minu, P.; McConville, K.; Loveday, B.; Platt, T.; Sathyendranath, S.; Vijayan, V.; George, G.
Environmental reservoirs of Vibrio cholerae: Challenges and opportunities for Ocean-color remote sensing. Remote Sens. 2019, 11,
2763. [CrossRef]

27. De Coster, W.; D’hert, S.; Schultz, D.T.; Cruts, M.; Van Broeckhoven, C. NanoPack: Visualizing and processing long-read
sequencing data. Bioinformatics 2018, 34, 2666–2669. [CrossRef] [PubMed]

28. Wood, D.E.; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [CrossRef] [PubMed]
29. Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 2018, 34, 3094–3100. [CrossRef] [PubMed]
30. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;

Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37,
852–857. [CrossRef]

31. Vrinda, S.; Abdulaziz, A.; Abhilash, K.S.; Jasmin, C.; Kripa, V.; Bright Singh, I.S. Neuroendocrine and immunotoxicity of
polyaromatic hydrocarbon, chrysene in crustacean post larvae. Ecotoxicology 2019, 28, 964–972. [CrossRef]

32. Dechamma, M.M.; Rajeish, M.; Maiti, B.; Mani, M.K.; Karunasagar, I. Expression of Toll-like receptors (TLR), in lymphoid organ
of black tiger shrimp (Penaeus monodon) in response to Vibrio harveyi infection. Aquac. Rep. 2015, 1, 1–4. [CrossRef]

33. Arshad, E.; Anas, A.; Asok, A.; Jasmin, C.; Pai, S.S.; Singh, I.B.; Mohandas, A.; Biju, V. Fluorescence detection of the pathogenic
bacteria Vibrio harveyi in solution and animal cells using semiconductor quantum dots. RSC Adv. 2016, 6, 15686–15693. [CrossRef]

34. Penha, C.B.; Bonin, E.; Silva, A.F.d.; Hioka, N.; Zanqueta, E.B.; Nakamura, T.U.; Filho, B.A.d.A.; Campanerut-Sa, P.A.Z.; Mikcha,
J.M.G. Photodynamic inactivation of foodborne and food spoilage bacteria by curcumin. LWT-Food Sci. Technol. 2017, 76, 198–202.
[CrossRef]

35. Vahedian-Azimi, A.; Abbasifard, M.; Rahimi-Bashar, F.; Guest, P.C.; Majeed, M.; Mohammadi, A.; Banach, M.; Jamialahmadi, T.;
Sahebkar, A. Effectiveness of Curcumin on Outcomes of Hospitalized COVID-19 Patients: A Systematic Review of Clinical Trials.
Nutrients 2022, 14, 256. [CrossRef] [PubMed]

36. Chignell, C.F.; Bilskj, P.; Reszka, K.J.; Motten, A.G.; Sik, R.H.; Dahl, T.A. Spectral and photochemical properties of curcumin.
Photochem. Photobiol. 1994, 59, 295–302. [CrossRef] [PubMed]

37. Schneider, C.; Gordon, O.N.; Edwards, R.L.; Luis, P.B. Degradation of Curcumin: From Mechanism to Biological Implications. J.
Agric. Food Chem. 2015, 63, 7606–7614. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jphotochemrev.2020.100384
http://doi.org/10.1016/j.jphotochem.2022.114104
https://www.unicef.org/media/media_92918.html
https://www.unicef.org/media/media_92918.html
http://doi.org/10.1016/j.aquaculture.2020.736231
http://doi.org/10.1016/j.pdpdt.2016.05.004
http://doi.org/10.1016/j.jphotobiol.2021.112365
http://www.ncbi.nlm.nih.gov/pubmed/34823208
http://doi.org/10.1021/es049673y
http://doi.org/10.1562/2005-09-18-RA-688.1
http://doi.org/10.1002/smll.202002019
http://doi.org/10.1016/0044-8486(77)90209-5
http://doi.org/10.1111/j.1751-7915.2011.00297.x
http://doi.org/10.3390/rs11232763
http://doi.org/10.1093/bioinformatics/bty149
http://www.ncbi.nlm.nih.gov/pubmed/29547981
http://doi.org/10.1186/s13059-019-1891-0
http://www.ncbi.nlm.nih.gov/pubmed/31779668
http://doi.org/10.1093/bioinformatics/bty191
http://www.ncbi.nlm.nih.gov/pubmed/29750242
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1007/s10646-019-02094-2
http://doi.org/10.1016/j.aqrep.2015.02.002
http://doi.org/10.1039/C5RA24161H
http://doi.org/10.1016/j.lwt.2016.07.037
http://doi.org/10.3390/nu14020256
http://www.ncbi.nlm.nih.gov/pubmed/35057437
http://doi.org/10.1111/j.1751-1097.1994.tb05037.x
http://www.ncbi.nlm.nih.gov/pubmed/8016208
http://doi.org/10.1021/acs.jafc.5b00244
http://www.ncbi.nlm.nih.gov/pubmed/25817068


Toxics 2023, 11, 36 13 of 14

38. Santezi, C.; Reina, B.D.; Dovigo, L.N. Curcumin-mediated Photodynamic Therapy for the treatment of oral infections—A review.
Photodiagnosis Photodyn. Ther. 2018, 21, 409–415. [CrossRef] [PubMed]

39. Najafi, S.; Khayamzadeh, M.; Paknejad, M.; Poursepanj, G.; Kharazi Fard, M.J.; Bahador, A. An in vitro comparison of antimicro-
bial effects of curcumin-based photodynamic therapy and chlorhexidine, on aggregatibacter actinomycetemcomitans. J. Lasers
Med. Sci. 2016, 7, 5. [CrossRef]

40. Chen, B.; Huang, J.; Li, H.; Zeng, Q.-H.; Wang, J.J.; Liu, H.; Pan, Y.; Zhao, Y. Eradication of planktonic Vibrio parahaemolyticus
and its sessile biofilm by curcumin-mediated photodynamic inactivation. Food Control 2020, 113, 107181. [CrossRef]

41. dos Santos, R.F.; Campos, B.S.; Rego Filho, F.d.A.M.G.; Moraes, J.d.O.; Albuquerque, A.L.I.; da Silva, M.C.D.; dos Santos,
P.V.; de Araujo, M.T. Photodynamic inactivation of S. aureus with a water-soluble curcumin salt and an application to cheese
decontamination. Photochem. Photobiol. Sci. 2019, 18, 2707–2716. [CrossRef]

42. Zheng, Z.; Aweya, J.J.; Bao, S.; Yao, D.; Li, S.; Tran, N.T.; Ma, H.; Zhang, Y. The Microbial Composition of Penaeid Shrimps’
Hepatopancreas Is Modulated by Hemocyanin. J. Immunol. 2021, 207, 2733–2743. [CrossRef]

43. Duan, Y.; Wang, Y.; Huang, J.; Li, H.; Dong, H.; Zhang, J. Toxic effects of cadmium and lead exposure on intestinal histology,
oxidative stress response, and microbial community of Pacific white shrimp Litopenaeus vannamei. Mar. Pollut. Bull. 2021, 167,
112220. [CrossRef] [PubMed]

44. Wood, S.; Metcalf, D.; Devine, D.; Robinson, C. Erythrosine is a potential photosensitizer for the photodynamic therapy of oral
plaque biofilms. J. Antimicrob. Chemother. 2006, 57, 680–684. [CrossRef]

45. Anas, A.; Akita, H.; Harashima, H.; Itoh, T.; Ishikawa, M.; Biju, V. Photosensitized breakage and damage of DNA by CdSe− ZnS
quantum dots. J. Phys. Chem. B 2008, 112, 10005–10011. [CrossRef] [PubMed]

46. Li, K.; Lei, W.; Jiang, G.; Hou, Y.; Zhang, B.; Zhou, Q.; Wang, X. Selective photodynamic inactivation of bacterial cells over
mammalian cells by new triarylmethanes. Langmuir 2014, 30, 14573–14580. [CrossRef] [PubMed]

47. Liu, L.; He, H.; Luo, Z.; Zhou, H.; Liang, R.; Pan, H.; Ma, Y.; Cai, L. In Situ Photocatalyzed Oxygen Generation with Photosynthetic
Bacteria to Enable Robust Immunogenic Photodynamic Therapy in Triple-Negative Breast Cancer. Adv. Funct. Mater. 2020, 30,
1910176. [CrossRef]

48. Xu, D.; Zhou, C.; Zhan, C.; Wang, Y.; You, Y.; Pan, X.; Jiao, J.; Zhang, R.; Dong, Z.; Wang, W. Enzymatic Micromotors as a Mobile
Photosensitizer Platform for Highly Efficient On-Chip Targeted Antibacteria Photodynamic Therapy. Adv. Funct. Mater. 2019, 29,
1807727. [CrossRef]

49. Lin, T.; Chen, W.; Cai, B. The use of chlorine dioxide for the inactivation of copepod zooplankton in drinking water treatment.
Environ. Technol. 2014, 35, 2846–2851. [CrossRef]

50. Jiang, W.; Dong, S.; Xu, F.; Chen, J.; Gong, C.; Wang, A.; Hu, Z. Mechanisms of thermal treatment on two dominant copepod
species in O3/BAC processing of drinking water. Ecotoxicology 2021, 30, 945–953. [CrossRef]

51. Fu, Z.; Han, F.; Huang, K.; Zhang, J.; Qin, J.G.; Chen, L.; Li, E. Impact of imidacloprid exposure on the biochemical responses,
transcriptome, gut microbiota and growth performance of the Pacific white shrimp Litopenaeus vannamei. J. Hazard. Mater. 2022,
424, 127513. [CrossRef]

52. Chae, Y.; Kim, D.; Choi, M.-J.; Cho, Y.; An, Y.-J. Impact of nano-sized plastic on the nutritional value and gut microbiota of
whiteleg shrimp Litopenaeus vannamei via dietary exposure. Environ. Int. 2019, 130, 104848. [CrossRef]

53. Qian, D.; Xu, C.; Chen, C.; Qin, J.G.; Chen, L.; Li, E. Toxic effect of chronic waterborne copper exposure on growth, immunity,
anti-oxidative capacity and gut microbiota of Pacific white shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2020, 100,
445–455. [CrossRef]

54. Chang, E.S. Comparative endocrinology of molting and reproduction: Insects and crustaceans. Annu. Rev. Entomol. 1993, 38,
161–180. [CrossRef]

55. Qiao, H.; Jiang, F.; Xiong, Y.; Jiang, S.; Fu, H.; Li, F.; Zhang, W.; Sun, S.; Jin, S.; Gong, Y.; et al. Characterization, expression
patterns of molt-inhibiting hormone gene of Macrobrachium nipponense and its roles in molting and growth. PLoS ONE 2018, 13,
e0198861. [CrossRef] [PubMed]

56. Chen, S.; Migaud, H.; Shi, C.; Song, C.; Wang, C.; Ye, Y.; Ren, Z.; Wang, H.; Mu, C. Light intensity impacts on growth, molting and
oxidative stress of juvenile mud crab Scylla paramamosain. Aquaculture 2021, 545, 737159. [CrossRef]

57. Xu, L.; Pan, L.; Zhang, X.; Wei, C. Effects of crustacean hyperglycemic hormone (CHH) on regulation of hemocyte intracellular
signaling pathways and phagocytosis in white shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2019, 93, 559–566. [CrossRef]
[PubMed]

58. Wang, L.; Chen, H.; Xu, J.; Xu, Q.; Wang, M.; Zhao, D.; Wang, L.; Song, L. Crustacean hyperglycemic hormones directly modulate
the immune response of hemocytes in shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2017, 62, 164–174. [CrossRef]

59. Lorenzon, S.; Edomi, P.; Giulianini, P.G.; Mettulio, R.; Ferrero, E.A. Variation of crustacean hyperglycemic hormone (cHH) level in
the eyestalk and haemolymph of the shrimp Palaemon elegans following stress. J. Exp. Biol. 2004, 207, 4205–4213. [CrossRef]

60. Ren, X.; Wang, Q.; Shao, H.; Xu, Y.; Liu, P.; Li, J. Effects of Low Temperature on Shrimp and Crab Physiology, Behavior, and
Growth: A Review. Front. Mar. Sci. 2021, 8, 746177. [CrossRef]

61. Bhoopathy, S.; Inbakandan, D.; Rajendran, T.; Chandrasekaran, K.; Prabha, S.B.; Reddy, B.A.; Kasilingam, R.; RameshKumar, V.;
Dharani, G. Dietary supplementation of curcumin-loaded chitosan nanoparticles stimulates immune response in the white leg
shrimp Litopenaeus vannamei challenged with Vibrio harveyi. Fish Shellfish Immunol. 2021, 117, 188–191. [CrossRef]

http://doi.org/10.1016/j.pdpdt.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29378256
http://doi.org/10.15171/jlms.2016.05
http://doi.org/10.1016/j.foodcont.2020.107181
http://doi.org/10.1039/c9pp00196d
http://doi.org/10.4049/jimmunol.2100746
http://doi.org/10.1016/j.marpolbul.2021.112220
http://www.ncbi.nlm.nih.gov/pubmed/33836332
http://doi.org/10.1093/jac/dkl021
http://doi.org/10.1021/jp8018606
http://www.ncbi.nlm.nih.gov/pubmed/18582008
http://doi.org/10.1021/la5028724
http://www.ncbi.nlm.nih.gov/pubmed/25419964
http://doi.org/10.1002/adfm.201910176
http://doi.org/10.1002/adfm.201807727
http://doi.org/10.1080/09593330.2014.924566
http://doi.org/10.1007/s10646-021-02392-8
http://doi.org/10.1016/j.jhazmat.2021.127513
http://doi.org/10.1016/j.envint.2019.05.042
http://doi.org/10.1016/j.fsi.2020.03.018
http://doi.org/10.1146/annurev.en.38.010193.001113
http://doi.org/10.1371/journal.pone.0198861
http://www.ncbi.nlm.nih.gov/pubmed/29889902
http://doi.org/10.1016/j.aquaculture.2021.737159
http://doi.org/10.1016/j.fsi.2019.07.051
http://www.ncbi.nlm.nih.gov/pubmed/31330256
http://doi.org/10.1016/j.fsi.2017.01.007
http://doi.org/10.1242/jeb.01264
http://doi.org/10.3389/fmars.2021.746177
http://doi.org/10.1016/j.fsi.2021.08.002


Toxics 2023, 11, 36 14 of 14

62. Li, M.; Kong, Y.; Wu, X.; Guo, G.; Sun, L.; Lai, Y.; Zhang, J.; Niu, X.; Wang, G. Effects of dietary curcumin on growth performance,
lipopolysaccharide-induced immune responses, oxidative stress and cell apoptosis in snakehead fish (Channa argus). Aquac. Rep.
2022, 22, 100981. [CrossRef]

63. Ming, J.; Ye, J.; Zhang, Y.; Xu, Q.; Yang, X.; Shao, X.; Qiang, J.; Xu, P. Optimal dietary curcumin improved growth performance,
and modulated innate immunity, antioxidant capacity and related genes expression of NF-κB and Nrf2 signaling pathways in
grass carp (Ctenopharyngodon idella) after infection with Aeromonas hydrophila. Fish Shellfish Immunol. 2020, 97, 540–553.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.aqrep.2021.100981
http://doi.org/10.1016/j.fsi.2019.12.074

	Introduction 
	Materials and Methods 
	Preparation of Curcumin and the Rearing of Artemia nauplii and P. monodon 
	Spectral Properties and Toxicity of Curcumin 
	Abundance of Vibrio spp. in P. monodon Exposed to Photoexcited Curcumin 
	Microbiome of P. monodon Exposed to Photoexcited Curcumin 
	Neuroendocrine (MIH, CHH) and Immune (Crustin, PoPO) Gene Expression 
	Statistical Analysis 

	Results 
	Spectral Properties and Toxicity of Curcumin 
	Abundance of Vibrio spp. and Microbiome of Shrimp Larvae Exposed to Photoexcited Curcumin 
	Neuroendocrine and Immune Gene Expression 

	Discussion 
	Conclusions 
	References

