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ARTICLE INFO ABSTRACT

Keywords: The objective of this study was to evaluate the bactericidal effect of curcumin (CUR)-mediated photodynamic
Oysters inactivation (PDI) against Escherichia coli DH5a in vitro and in oysters, then further investigate the edible security
Curcumin-mediated photodynamic inactivation of PDI-treated oysters based on cellular toxicological methods. First, DH5a cells were irradiated by a 470 nm
DH5a cells

LED light source with an energy density of 3.6 J/cm?. Colony forming units (CFU) were counted and the viability
of DH5a cells was calculated after treatment with CUR-mediated PDI. Intracellular production of reactive
oxygen species (ROS) was studied by measuring the fluorescence of 2, 7-dichlorofluorescein (DCF) using a flow
cytometry. Membrane permeability was measured using confocal laser scanning microscopy (CLSM) with pro-
pidium iodide (PI) staining. After that, the bactericidal effect of CUR-mediated PDI was evaluated in oysters
which were pre-contaminated with DH5a cells. Finally, cellular toxicology of PDI-treated oysters was evaluated
through morphological observation, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
assay, DNA ladder assay, and nuclear staining. Results showed that the viability of DH5a was significantly
decreased in a CUR concentration-dependent manner and resulted in an approximately 3.5-log reduction at the
concentration of 20 uM. After treatment with CUR-mediated PDI (20 puM, 3.6 J/cm?), the ROS level in DH5a cells
and the membrane permeability markedly increased. Our data demonstrated that CUR-mediated PDI had a good
decontamination effect against DH5a contaminated in oysters. After incubation with PDI-treated oysters, fi-
broblasts L929 cell morphology, MTT absorbance and cell apoptosis had no obvious changes. Our findings
preliminarily demonstrated that CUR-mediated PDI-treated oysters had no cytotoxicity to fibroblasts.
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1. Introduction

Concern about seafood safety has increased as seafood con-
taminated with pathogenic microorganism can threaten consumer’s
daily life by causing serious illnesses [1]. Foodborne outbreaks derived
from consuming raw or under-cooked seafood are major causes of ill-
ness. Bivalves like oysters are filter feeders that ingest food particles
from seawater through gills, which may contain infectious agents. Gills
and labial palps select and direct food to the mouth, then going to the
stomach to be digested, and finally, reaching digestive tubules to

absorption; undigested materials go to intestine [2]. Oyster is one of the
most common seafood containing abundant nutrients and active in-
gredients. However, its nonselective filter-feeding character causes a
large variety of pathogenic microorganisms enriched in its body [3].
The current potential strategies for decontaminating shellfish include
heat treatment [4], chlorine-based sanitizers [5], irradiation [6] and
high pressure processing (HPP) [7]. However, these treatments have
some drawbacks [8-10]. Therefore, it is an urgent need to find some
cold-sterilization technologies with broad-spectrum antibacterial fea-
tures for the raw seafood consumption. More importantly than that, it
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must effectively eliminate or reduce microbial contamination in vivo
and be environmentally friendly without compromising on the quality
of seafood and public health.

Photodynamic inactivation (PDI) of microorganisms has been con-
sidered as a promising method [11,12] with an efficient inactivation
against multi-resistant bacteria and fungi [13,14]. It combines a non-
toxic photosensitizer (PS) with visible light in the presence of oxygen to
kill the microbial cells [15], and involves delivering visible light of the
appropriate wavelength to excite the PS to produce reactive oxygen
species (ROS) such as superoxide, hydroxyl radicals and singlet oxygen
[16]. So far, PDI has proved to be efficient against viruses [17], bacteria
[13,17], fungi [18] and parasites [19], without the risk of adverse ef-
fects to the normal cells.

In the process of PDI, PS plays a crucial role in generating ROS [20],
which can cause significant oxidative damage to the microbial cells.
Thus, development of a PS with better efficacy, more safety and greater
producing ROS potential is vital importance [21]. Traditional Chinese
medicine (TCM) represent a rich resource for identifying potential
novel PSs [22]. Curcumin (CUR), isolated from the rhizomes of TCM
Curcuma longa, is a naturally occurring polyphenolic compound [23]. It
has been used as a medicine, spice and a food additive in China and
elsewhere [24,25] for its diverse biological activities [26-30]. Reports
showed that 400-500 nm visible light irradiation could activate cur-
cumin and produce ROS to kill microorganisms [3,31-33]. According to
our recent studies, curcumin-mediated PDI could effectively inactivate
murine norovirus and Vibrio parahaemolyticus which were contaminated
in oysters and the working conditions of curcumin-mediated PDI on
oysters have been optimized [3,34].

In the present study, we extended our studies and chosen Escherichia
coli DH5a as an example to evaluate the viability of DH5a following
curcumin-mediated PDI in vitro and in oysters. Finally, the edible se-
curity of PDI-treated oysters was preliminarily investigated based on
cellular toxicological methods.

2. Materials and methods
2.1. Bacteria and cell culture

Bacterial strain DH5a used in the study was purchased from
National Collection of Type Cultures (Public Health England, Porton
Down, Salisbury, UK). After growing overnight at 37 °C in Luria-Bertani
(LB) Broth (Beijing Land Bridge Technology Company Ltd., Beijing,
China), the bacteria were shaked for 3h at 37 °C in LB broth medium.
Bacterial suspension was centrifuged at 4500 rpm for 15 min at room
temperature, the supernatant discarded and the cell pellet was re-
suspended in sterile PBS buffer (pH 7.4) to a final concentration of 108
CFU/ml

Fibroblasts 1.929 cell lines (ATCC, Rockville, MD, USA) was cultured
in DMEM medium supplemented with 10% new born calf serum (NBCS)
and antibiotics (penicillin 100 U/mL and streptomycin 100 lg/mL;
Invitrogen Co., Carlsbad, CA, USA). Cells were maintained at 37 °C in a
water-saturated atmosphere with 5% CO, / 95% air.

2.2. Photosensitizer (PS) and light source

Curcumin solution was prepared as previous reports [3,31]. Stock
solution of curcumin (95% purity) (Ci Yuan Biotechnology Co., Ltd.
Shanxi, China) was dissolved in edible alcohol (Food Grade, 95%
ethanol; Tianjin Guayue Group Co., Ltd. Tianjin, China) with the con-
centration of 40 mM and kept in the dark at —20°C until use. The
working solution was diluted with artificial seawater (salinity 3.3%) in
the artificial seawater system to the concentrations of 5uM, 10 uM and
20 uM.

Light irradiation was delivered using a light-emitting diode (LED)
blue light source which was supplied by School of Chinese Medicine,
the Chinese University of Hong Kong. The samples were exposed to LED
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light (wavelength of 470nm, energy density of 3.6J/cm? optical
power density was fixed at 0.06 W/cm? with an irradiation time of 60 s)
as our previous reports [35-37].

2.3. Photodynamic treatment on DH5a cells

Working cultures of DH5a (108 CFU/ml) were incubated with a
range of concentrations of curcumin (5, 10, 20 uM) in 6-well plates in
the dark at 37°C for 5min [34]. Then the bacterial suspension was
irradiated by the LED light source at the energy density of 3.6 J/cm?.
After light irradiation, bacteria cells were serially diluted 10-fold in
sterile PBS buffer. Each sample (1 ml) was spread on LB agar (Beijing
Land Bridge Technology Company Ltd., Beijing, China) plates and in-
cubated for 24 h at 37 °C in the dark. The colony forming units (CFU)
were counted and the viability of bacteria was a log value of CFU per
ml. Each sample was set three parallel tests and the experiment was at
least repeated for three times.

The experiment was randomly divided into 4 groups; 1) negative
control (no PS, no irradiation, L-S-), 2) CUR treatment alone (20 pM)
(with PS, no irradiation, L-S+), 3) LED irradiation alone (no PS, same
irradiation as PDI samples, L+S-), and 4) CUR-mediated PDI (5, 10,
20 uM and energy density of 3.6J/cm?) (L+S+) as our previous re-
ports [3,36,37].

2.4. Intracellular ROS evaluation

Intracellular ROS production was studied by measuring the fluor-
escence of 2, 7-dichlorofluorescein (DCF) [38]. The bacterial cells were
incubated with CUR (20 uM) in sterile PBS buffer for 5min and then
incubated with 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA,
10 uM, Beyotime, Jiangshu, China) for 20 min at 37 °C in the dark. After
washed with PBS, the bacterial cells were irradiated at the energy
density of 3.6 J/cm?® To examine the yield of intracellular ROS, bac-
terial cells were harvested and analyzed by flow cytometry (FCM)
(Guava PCA, Millipore, USA) after 10 min incubation at 37 °C in the
dark. Data were analyzed using the software FCS Express V3 (De Novo
Software, Los Angeles, CA, USA).

2.5. Bacterial membrane permeability detection

After treatment with CUR-mediated PDI (20 uM, 3.6 J/cm?), the
bacterial cells were harvested by centrifugation at 10,000 xg, for
20 min at 4°C and washed twice with sterile PBS buffer. Then the
bacterial cells were incubated with propidium iodide (PI, 100 pug/ml)
for 30 min at 4 °C in the dark. After washed with sterile PBS buffer, the
bacterial cells were transferred on the surface of a sterile cover glass
slide by pipette and observed immediately using a confocal laser
scanning microscopy (CLSM). The images were recorded at the ex-
citation wavelength of 535nm and emission wavelength of 615nm
[36,371.

2.6. Photodynamic treatment on DH5a cells contaminated in oysters

Six oysters in L+ S+ group were contaminated with working cul-
tures of DH5a and incubated with a range of concentrations of cur-
cumin (5, 10, 20 uM) in an artificial seawater system (salinity 3.3%) for
3h at about 10 °C as described in our previous reports [3,34]. The L-S
+ group was contaminated with working cultures of DH5a and in-
cubated with 20 uM curcumin. The oysters in L-S- and L+S- groups
were only contaminated with working cultures of DH5a. The oysters in
L+S+ and L+ S- groups were opened with the bottom shell reserved in
sterile conditions and then irradiated at the energy density of 3.6J/
cm?. Then the oyster flesh in each group was removed completely from
the bottom shell and combined in a 50 ml sterile centrifuge tube re-
spectively. After weighed, the oyster flesh in each group was added PBS
buffer (m/v, 1:9) and homogenized in ice bath. After that, the bacterial
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suspension was filtered and the filtrate was serially diluted 10-fold in
PBS buffer. Each sample (1 ml) was spread on LB agar plates and in-
cubated for 24 h at 37 °C in the dark. The colony forming units (CFU)
were counted and the viability of bacteria was a log value of CFU per
gram oyster flesh. Each sample was set three parallel tests and the ex-
periment was at least repeated for three times.

2.7. Preparation of PDI-treated oysters

Six oysters in L+ S+ or L-S+ groups were only incubated with CUR
(20 uM) in an artificial seawater system (salinity 3.3%) for 3 h at about
10 °C according to the above descriptions. The oysters in L-S- and L+ S-
groups were cultured in the seawater system without treatment. The
oysters in L+S+ and L+ S- groups were opened with the bottom shell
reserved in sterile conditions and irradiated at the energy density of
3.6 J/cm?. Then the oyster flesh in each group was removed completely
from the bottom shell and combined in a 50 ml sterile centrifuge tube
respectively. After homogenized in ice bath, the supernates were fil-
tered using 0.22pm filter (Millipore, Merck KGaA, Darmstadt,
Germany) and the filtrates were stored at —20 °C until use.

2.8. Morphological detection of L929 cells

Fibroblasts 1L929 cells treated with the filtrates of PDI-treated oy-
sters were microscopically examined for morphological changes using
an inverted contrast microscope (Nikon Eclipse T500, Japan) after in-
cubated for 24, 48, 72, and 96 h at 200 x magnification.

2.9. Cytotoxicity assay

The 3-(4, 5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium bromide
(MTT) assay was used for evaluation the cytotoxicity of the PDI-treated
oysters on the fibroblasts 1929 cells. L929 cells (1 x 10> cells/ ml) were
seeded in 96-well plates and placed in an incubator at 37 °C for 24 h.
The medium was then replaced with the filtrates of PDI-treated oysters.
After incubation for 24, 48, 72, 96 h, cell viability was determined using
MTT assay [39] and the absorbance at 570 nm was measured using
microplate reader (Biotek ELX-800 Absorbance Reader, USA). Three
separate experiments were performed.

The relative growth rates (RGR) of the treatment groups were ex-
pressed in percentages which were obtained from the control group.
The calculating formula was as follows:

RGR (%) = At/ Ac x 100

At: the absorbance of treatment group at 570 nm; Ac: the absor-
bance of control group at 570 nm

Determination of cytotoxicity was based on the RGR and the cor-
responding cytotoxicity grades which were shown as Table 1: Grades 0
and 1 are considered to have no cytotoxicity; grade 2 is considered to
have slight cytotoxicity; grades 3 and 4 are considered to have mod-
erate cytotoxicity; and grade 5 is considered to have extreme cyto-
toxicity.

2.10. DNA ladder assay

After incubation for 96 h, the 1L.929 cells were harvested and the
genomic DNA was extracted using a TIANamp Genomic DNA Kit
(TIANGEN Biotech Company Ltd., Beijing, China). The products were
separated by 1% agarose gel electrophoresis, stained with ethidium

Table 1

Standard for evaluation.
RGR = 100 75799 50774 25749 124 0
Grades 0 1 2 3 4 5
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bromide, and visualized using UV light.

2.11. Nuclear staining

L1929 cells were seeded in 6-well culture plates containing a glass
coverslip-covered 15 mm cutout (MatTek, Ashland, MA). The next day,
cells were incubated with filtrates of PDI-treated oysters for 96 h at
37 °C and then stained using Hoechst 33258 (10 ug/ml) for 15 min at
37 °C. The stained cells were washed twice with PBS buffer and then
observed immediately under a fluorescence microscope with a filter set
of Ex/Em of BP330-380/LP420 nm, and recorded the images by a col-
orful charge-coupled device camera.

2.12. Statistical analysis

The data were expressed as the mean + standard deviation (SD).
Statistical analysis was performed using SPSS v18.0 software (SPSS,
Inc., Chicago, IL, USA). Differences between groups were analyzed by
one way analysis of variance (ANOVA). A P-value < 0.05 was con-
sidered significant and a P-value < 0.01 was considered extremely
significant.

3. Results
3.1. Inactivation of DH5a cells after treatment with CUR-mediated PDI

Curcumin-mediated photodynamic inactivation (CUR-mediated
PDI) significantly killed DH5a cells as shown in Fig. 1. The viability of
DH5a reduced extremely significant (“**” P < 0.01) in L+S+ group
compared with L-S- group, and the rate of cell death increased in a CUR
concentration-dependent manner and resulted in an approximately 3.5-
log reduction at the concentration of 20 pM.

3.2. ROS production in DH5a cells

The production of ROS in DH5a cells was analyzed using FCM with
DCFH-DA staining. Results of FCM showed the spectral shift of the
fluorescence curves to the right after treatment with CUR-mediated PDI
at the CUR concentration of 20 UM and energy density of 3.6 J/cm?,
indicating a significant increase of the ROS level in DH5a cells (Fig. 2).
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Fig. 1. Viability of DH5a cells.

L-S-: negative control; L-S+: CUR treatment alone (20 uM); L+S-: LED irra-
diation alone (3.6 J/cm?); L+ S+: CUR-mediated PDI (5, 10, 20 uM and 3.6 J/
cm?). Each column represents the average of triplicates, at least repeated for
three times. Values are expressed as mean *= SD. * P < 0.05; ** P < 0.01,
different from the L-S- group.
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Fig. 2. Intracellular ROS production of DH5a cells.
ROS in DH5a cells was analyzed using FCM with DCFH-DA staining. 1: negative
control; 2: CUR treatment alone (20 uM); 3: LED irradiation alone (3.6 J/cm?);

and 4: CUR-mediated PDI (20 uM, 3.6 J/em?). Itis a representative figure of the
final results which were repeated at least for three times.

3.3. Change of bacterial membrane permeability after treatment with CUR-
mediated PDI

Membrane integrity is an important factor affecting bacterial sur-
vival. PI is a common indicator of cell membrane permeability because
PI as a fluorescent nucleic acid binding dyes is usually excluded by the
intact cell membranes of bacteria [40]. CLSM with PI staining was used
in the present study to explore membrane permeability of DH5a after
treatment with CUR-mediated PDI. As shown in Fig. 3, more red

2pm

Fig. 3. Membrane permeability of DH5a cells.
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Fig. 4. Viability of DH5a cells in oysters.

L-S-: negative control, contamination with DH5a cells; L-S+: CUR treatment
alone, contamination with DH5a cells and 20 uM CUR without irradiation; L
+S-: LED irradiation alone, contamination with DH5a cells and irradiation
(3.6 J/cm?); L+S+: CUR-mediated PDI, contamination with DH5a cells and
CUR (5, 10 and 20 uM) with irradiation (3.6 J/cm?). Each column represents
the average of triplicates, at least repeated for three times. Values are expressed
as mean = SD. ** P < 0.01, different from the L-S- group.

fluorescence was found in DH5a cells treated by CUR-mediated PDI
(20 uM, 3.6 J/cm?, L+S+) than those of the control groups including
negative control (L-S-), curcumin treatment alone (20 uM, L-S+), and
LED irradiation alone (3.6 J/cm? L+S-).

3.4. Inactivation of DH5a contaminated in oysters

After contaminated for 3 h, the oysters accumulated the number of
bacteria to a mean value of 5-log (CFU/g oyster flesh) in L-S- group as
shown in Fig. 4. The viability of DH5a contaminated in oysters showed
that no marked difference (P > 0.05) was found between L-S+, L +S-
and L-S- groups. CUR-mediated PDI significantly killed DH5a con-
taminated in oysters. The viability of DH5a reduced significantly (“**”
P < 0.01) in L+ S+ group compared with L-S- group, and the rate of

Membrane permeability of DH5a cells was measured using CLSM with PI staining. L-S-: negative control; L-S+: CUR treatment alone (20 pM); L+ S-: LED irradiation
alone (3.6 J/cm?); L+ S+: CUR-mediated PDI (20 uM, 3.6 J/cm?). Tt is a representative figure of the final results which were repeated at least for three times.
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L-S- L-S+

L+S- L+S+

Fig. 5. Morphology changes of 1929 cells after incubation with the filtrates of PDI-treated oysters for 24, 48, 72, 96 h (200 x).
L-S-: negative control, oysters without treatment; L-S+: CUR treatment alone, oysters incubation with 20 uM CUR without irradiation; L+ S-: LED irradiation alone,
oysters irradiation (3.6 J/cm?); L+S+: CUR-mediated PDI, oysters incubation with 20 uM CUR and irradiation (3.6 J/cm?). It is a representative figure of the final

results which were repeated at least for three times.

cell death increased in a CUR concentration-dependent manner and
resulted in an approximately 2.5-log (CFU/g oyster flesh) reduction at
the concentration of 20 uM. Our results preliminary confirmed that
CUR-mediated PDI had an efficient decontamination of DH5a con-
taminated in oysters.

3.5. Cell morphology changes after incubation with PDI-treated oysters

After incubation with the filtrates of PDI-treated oysters for 24, 48,
72, and 96 h, the morphology of L929 cells was observed using an in-
verted contrast microscope. As shown in Fig. 5, there was no obvious
changes of morphology found in the L+S+ group compared with the
other three groups. These findings demonstrated that PDI-treated
(20 uM, 3.6 J/cm?) oysters could not destroy the morphology of L929
cells.

3.6. Cytotoxicity analysis after incubation with PDI-treated oysters

Fig. 6 showed the MTT assay of L929 cells which were incubated
with the filtrates of PDI-treated oysters for 24, 48, 72, 96 h respectively.
The results of absorbance at 570nm showed that there was no
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Fig. 6. MTT assay of L929 cells after incubation with the filtrates of PDI-treated
oysters for 24, 48, 72, 96 h.

The absorbance at 570 nm was measured using microplate reader. L-S-: nega-
tive control, oysters without treatment; L-S+: CUR treatment alone, oysters
incubation with 20 uM CUR without irradiation; L+ S-: LED irradiation alone,
oysters irradiation (3.6 J/em?); L+S+: CUR-mediated PDI, oysters incubation
with 20uM CUR and irradiation (3.6 J/em?). Each column represents the
average of triplicates, at least repeated for three times. Values are expressed as
mean * SD.
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Table 2

Relative growth rates (RGR) and the corresponding cytotoxicity grades.
Groups 24h 48 h 72h 96 h

RGR Grade  RGR Grade RGR Grade RGR  Grade

L-S- 100 0 100 0 100 0 100 0
L-S+ 89.2 1 97.6 1 96.1 1 91.8 1
L+S- 100.8 0 104.2 0 94.8 1 87.4 1
L+S+ 85.0 1 90.5 1 89.8 1 93.6 1

significant differences (P > 0.05) between the L+S+ group and the
other three groups. The relative growth rates (RGR) of all the groups
were over 85% and the cytotoxicity grades were 0 or 1 (Table 2), in-
dicating no cytotoxicity of PDI-treated (20 uM, 3.6 J/cm?) oysters to
1929 cells.

3.7. Apoptosis analysis after incubation with PDI-treated oysters

DNA ladder assay is a simple, sensitive, cost-effective and rapid
method for estimating apoptosis cells. DNA laddering during apoptosis
was characterized by agarose gel electrophoresis [41-44]. Apoptosis
can be visualized as a ladder pattern of 180-200 bp due to DNA clea-
vage by the activation of a nuclear endonuclease [45,46]44-45. As
shown in Fig. 7, there was no formation of the DNA ladder in gel
electrophoresis after incubation with the filtrates of PDI-treated (20 uM,
3.6 J/cm?) oysters for 96 h.

Induction of apoptosis on L929 cells was also investigated by mi-
croscopic analysis of Hoechst 33258 stained cells. L929 cells were
stained using Hoechst 33342 96 h after incubation with the filtrates of

2000bp

1000bp
750bp

500bp

250bp

100bp

MY o @ o
9 xR x

VvV vV v v
Fig. 7. DNA ladder of L929 cells after incubation with the filtrates of PDI-
treated oysters for 96 h.
L1929 cells genomic DNA were extracted and separated by 1% agarose gel
electrophoresis, stained with ethidium bromide, and visualized using UV light.
M: Marker, DL 2000. L-S-: negative control, oysters without treatment; L-S+:
CUR treatment alone, oysters incubation with 20 uM CUR without irradiation; L
+S-: LED irradiation alone, oysters irradiation (3.6 J/em?); L+S+: CUR-
mediated PDI, oysters incubation with 20 pM CUR and irradiation (3.6 J/cm?).
It is a representative figure of the final results which were repeated at least for
three times.
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PDI-treated oysters. Changes of nuclear characteristic in cells were
observed under fluorescence microscopy. The results showed that the
nuclei of the four groups had no significant changes and the cells were
observed a variety of karyomorphism, including round, kidney shape
and oval (Fig. 8). These findings demonstrated that PDI-treated (20 uM,
3.6 J/cm?) oysters did not induce the 1.929 cell apoptosis. Overall, no
cytotoxicity of PDI-treated oysters was found to the fibroblasts ac-
cording to our current study.

4. Discussion

Opyster, a kind of bivalve molluscan shellfish, can filter large vo-
lumes of water as part of its feeding activities and is able to accumulate
and concentrate different types of pathogens, such as Escherichia Coli,
Vibrio parahaemolyticus, Salmonella, Staphylococcus aureus, Norovirus,
and so on. According to our previous studies, we found that CUR-
mediated PDI could effectively inactivate norovirus and Vibrio para-
haemolyticus which were contaminated in oysters [3,34]. In the present
study, we chosen Escherichia Coli DH5a to further explore whether it
had a broad-spectrum sterilization efficacy. Our results showed that
after treatment with CUR-mediated PDI, the viability of DH5a reduced
extremely significant, and the rate of cell death increased in a CUR
concentration-dependent manner and resulted in an approximately 3.5-
log reduction at the concentration of 20 uM in vitro. It also showed a
good decontamination effect against DH5a contaminated in oysters
with 20 UM CUR under 3.6 J/cm? light irradiation. Thus, our findings
demonstrated that CUR-mediated PDI had a broad-spectrum anti-
microbial activity.

Excessive accumulation of intracellular ROS is a direct or indirect
cause of cell death [37]. Excessive ROS can destruct cell membrane,
cytoplasmic membrane, and nuclear membrane to directly cause cell
death [47-51]. Reports showed that blue light could activate CUR and
hypocrellin B to increase the intracellular ROS level in Gram-positive
bacteria strain Staphylococcus aureus [36,37]. Our results from FCM
with DCFH-DA staining also showed the ROS level increased in DH5a
cells.

Membrane integrity is a prerequirement of bacterial survival. Our
results from CLSM with PI staining observed more red fluorescence in
DH5a cells after treatment with CUR-mediated PDI, demonstrating that
CUR-mediated PDI increased membrane permeability of the treated
DH5a cells. The results were consistent with the research on
Staphylococcus aureus treated by photodynamic action of CUR [36].
These findings revealed that CUR-mediated PDI damaged membrane
permeability probably through the generation of intracellular ROS to
eventually cause the DH5a death.

As a food additive, curcumin should be added within the limit
standard to guarantee the edible security and reduce the impact on the
appearance and flavor of oysters. Our initial data suggest that the ap-
pearance and flavor of oysters could be retained after treatment with
CUR-mediated PDI [3,34]. Curcumin solution were directly added on
cells in cellular toxicological study in our previous study and no cyto-
toxicity was found. In this article, we extended our previous studies and
the filtrates of PDI-treated oysters were used in cytotoxic experiment.
After incubation with the filtrates of PDI-treated oysters, the mor-
phology of L929 cells had no obvious changes, RGR was over 85% and
cytotoxicity grades were O or 1, indicating no cytotoxicity of PDI-
treated (20 uM, 3.6 J/cm?) oysters to L929 cells. DNA ladder and nu-
clear staining also showed that no apoptosis was found in L929 cells,
preliminarily confirmed its edible security from the cellular level, and
the further study needs to be conducted from the animal and human
levels.

As a natural photosensitizer isolated from the traditional Chinese
herbal medicine [23], curcumin and its degradation products are non-
toxic and have been studied for diverse biological activities [27-30].
With an irradiation time of 60's and the energy density of 3.6J/cm?,
CUR-mediated PDI saves time and energy. In addition, CUR-mediated
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Fig. 8. Nuclear features of L929 cells after incubation with the filtrates of PDI-treated oysters for 96 h.

The nuclei of L929 cells were observed by Hoechst 33258 staining. L-S-: negative control, oysters without treatment; L-S+: CUR treatment alone, oysters incubation
with 20 uM CUR without irradiation; L+ S-: LED irradiation alone, oysters irradiation (3.6 J/cm?); L+ S+: CUR-mediated PDI, oysters incubation with 20 pM CUR
and irradiation (3.6 J/cm?). Scale bar: 5 um. It is a representative figure of the final results which were repeated at least for three times.

PDI is effective against a variety of microorganisms and some of them
are extremely significant [3,31,33,34,52]. Therefore, the bactericidal
effects of CUR-mediated PDI on many kinds of bacteria are widely ac-
cepted in the application of food [3,31,33]. CUR-mediated PDI is ex-
pected to be developed into a new system for the production and pro-
cessing of fresh half-shell oysters.

5. Conclusions

This study demonstrated that CUR-mediated PDI could remarkably
inactivate DH5a cells both in vitro and in vivo. The data also highlighted
that CUR-mediated PDI could produce intracellular ROS which could
cause irreversible damage to the bacteria, leading to bacterial mem-
brane permeability increase and causing the bacterial death eventually.
Our data preliminarily confirmed that CUR-mediated PDI-treated oy-
sters had no cytotoxicity to fibroblasts. It is recommended that further
studies should be undertaken to explore the edible security of this
treated oysters from animal and human levels.
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