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Abstract
This study was conducted to better understand the mechanism of Vibrio parahaemolyticus biofilm formation and to assess the inactivation
effects of methylene blue-mediated photodynamic inactivation (PDI) technology as a preventative measure. Optical microscopy, following crystal violet staining, was used to observe the kinetics of V. parahaemolyticus biofilm formation. The crystal violet-based assay was performed in
microtiter plates, and it was employed to determine which factors were most influential in the formation of the biofilms. Colony counting and
confocal laser scanning microscopy (CLSM) were used to test the inactivation effect of methylene blue-mediated photodynamic technology on
the biofilms. V. parahaemolyticus has the ability to form biofilms, as evidenced by their immediate adherence to glass surfaces and rapid maturity,
within 24 h. High (7%) or low (0.5%) salinity was not conducive to the formation of biofilms, and rotational speed greater than 130 rpm also
inhibited the process. A 4.05 log reduction in the concentration of viable biofilm cells was obtained with 100 μg/mL methylene blue and 20 min
irradiation (24.996 J/cm2), but planktonic cells were more susceptible to the methylene blue-mediated photodynamic reaction (5.46 log reduction). The results presented here show that the methylene blue-mediated PDI technology is an effective means to inactivate V. parahaemolyticus
by disrupting its membrane integrity and to inhibit the pathogen’s formation of protective biofilms. This technology is a valid tool that can be
used to enhance food safety in the sea food industry.
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Introduction
Vibrio parahaemolyticus, an aquatic food-borne pathogen,
is responsible for most incidences of seafood-associated
gastroenteritis in several countries, and especially those in Asia [1].
This pathogen has elicited considerable attention in the scientific
and medical communities due to its high level of pathogenicity.
V. parahaemolyticus commonly colonizes certain types of seafood,
and it forms biofilms in aqueous environments, on aquaculture
and line equipment, and on packaging materials by forming
organized structures of extracellular polymeric substances
(EPS) [2-3]. Biofilms are more resistant to sanitizers and other
adverse conditions than are planktonic free cells, and they cause
persistent food hygiene problems by cell dispersion during the
maturation process [4]. Therefore, the prevention or inhibition
of biofilm formation and the disruption of mature biofilms are
indispensable in effectively eliminating V. parahaemolyticus.
The biofilm formation process occurs in a stepwise manner,
being divided into five continuous stages: i. initial reversible
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attachment, ii. irreversible attachment by quorum sensing
(QS) and EPS secretion, iii. micro-colony formation, iv. biofilm
maturation encased in EPS, and v. detachment of cells from the
mature biofilm [5-6]. Mature biofilms are formed by Salmonella
typhimurium at 48 h on glass surfaces, and they can be observed
directly by crystal violet staining [7], while Candida albicans
biofilms form through three distinct developmental phases: early
(0 to 11 h), intermediate (12 to 30 h), and mature (38 to 72 h)
[8]. However, the growth kinetics and the formation characteristic
on glass surfaces of V. parahaemolyticus biofilms are yet to be
characterized.

Biofilm formation is a dynamic process that can be affected
by many environmental factors, such as pH, temperature, growth
medium composition, and surface attachment characteristics
[9,10]. These factors can be used to control the production of
biofilms in the seafood and other related industries. Han et al.
[11] reported that V. parahaemolyticus biofilm formation was
significantly stronger at higher (15-37 ℃) rather than at lower
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(4-10 ℃) temperatures. V. parahaemolyticus can readily attach to
glass and stainless steel surfaces, and the attachment process can
be reduced by various stress treatments, such as heat shock at 42
℃, two-phase acid adaptation at pH 5.8 and pH 5.0, or the presence
of sugars in the culture medium [12]. However, little is known
about the influence of other factors on biofilm formation, such as
the growth phase of the bacteria, the media salt concentration, or
the shear stress that is imposed.

little information is available on methylene blue’s application to
biofilms. Therefore, the objective of this study was to investigate
the effects of methylene blue mediated PDI technology on V.
parahaemolyticus biofilm formation and the combined inactivation
effects of this technology on V. parahaemolyticus biofilms in the
seafood industry.

Photodynamic inactivation (PDI) technology is a novel
and promising alternative approach that can be used to
eliminate biofilms, as its input requirements are low-cost, and
it is environmentally friendly [18]. PDI technology involves
the destruction of microorganisms by the combined action of
light, a photosensitizer, and molecular oxygen [19]. Molecular
oxygen forms highly cytotoxic, reactive oxygen species that cause
oxidative damage to cytoplasmic membranes and DNA [20]. It has
been shown that PDI is effective against the planktonic form of
V. Parahaemolyticus [21], however, decontamination of the more
resistant biofilm form of V. parahaemolyticus has rarely been
identified.

Observation of biofilm formation

When a mature V. parahaemolyticus biofilm has already
formed, eradication is far more difficult. Approximately 76% of
mature biofilms remain attached to a surface, with this residual
amount being susceptible only to physical treatments, such as
heat shock and ultrasound [13]. Several novel strategies to control
biofilm formation have been reported, including exposure to
chitosan, bacteriophages, and probiotics [4]. The most commonly
used strategy to control formation is the application of chemical
reagents, such as sodium hypochlorite or quaternary ammonium
compounds [14]. Due to the resistance of V. parahaemolyticus
biofilms to substrate starvation, desiccation, and exposure to
disinfectants and antibiotics [15-16], removal of biofilms from
seafood and food-processing equipment by routine cleaning and
sanitation methods is challenging [17]. Therefore, it’s imperative
that an effective alternative inactivation technology be developed
to eradicate biofilms produced by multidrug resistant bacteria
and, hence, minimize seafood contamination within processing
lines.

Photosensitization, which is the key factor in using PDI
technology for cancer treatment, has been extensively reviewed
by Sobotta et al. [22-23]. Ren et al. [24] used a hematoporphyrin
monomethyl ether PDI technology to induce a significant
bactericidal effect in Staphylococcus aureus, while methylene
blue combined with tungsten-halogen lamp light irradiation was
employed to inactivate Listeria monocytogenes [25]. Methylene
blue is a common cationic and water-soluble photosensitizer
that belongs to the phenothiazinium family [26]. Moreover,
methylene blue has been widely used in clinical treatments
due to its low toxicity against human cells [27], and it has been
shown to inactivate several types of microorganisms, due to its
high quantum yields of singlet oxygen and its ability to bind to
cell walls while not penetrating membranes [28]. Nevertheless,
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Materials and Methods

Bacterial strain and culture conditions
V. parahaemolyticus ATCC 17802 was obtained from the
Guangzhou Center for Disease Control and Prevention and
preserved at -80 ℃ using 20% (v/v) glycerol as a cryoprotectant.
Stored bacterial cells were grown for 24 h in tryptone soy agar
(TSA) containing 3% (w/v) sodium chloride (NaCl, Damao
Chemical Reagent, Tianjin, China) at 37 ℃. A single colony was
transferred to a 15 mL tryptone soy broth (TSB with 3% (w/v)
NaCl) and cultivated at 37 ℃ for 16 h in a vibrating incubator
(Stab S2, RADOBIO, Shanghai, China) at 120 rpm under aerobic
conditions. Cells were harvested by centrifugation (2,200 × g
for 10 min at 4 ℃) (ST16R, Thermo Sorvall, USA), washed twice
and re-suspended in a phosphate buffered saline solution (PBS;
pH 7.2). The initial concentration of the bacterial culture was
approximately 108 CFU/mL. This was the bacterial concentration
that was then used in all subsequent experiments. All media
and PBS used were supplied by Hope Bio-Technology Co., Ltd.
(Qingdao, China).
A 200 μL suspension of bacteria was added to each well in
sterile 6-well polystyrene microtiter plates. Individual wells
contained 20×20 mm cover slips. Five mL of TSB with 3%
(w/v) NaCl were included to enhance biofilm production before
incubating and agitating bacteria at 37 ℃ and 50 rpm, respectively.
Biofilm formation was investigated by varying the cultivation time
as follows: 0, 6, 12, 18, 24 or 36 h. Progress was determined by
crystal violet staining (Yeasen Biotech Co., Ltd, Shanghai, China)
following removal of the culture medium and vigorous rinsing of
the slides with PBS. The biofilms were observed using an optical
microscope (XSP-2CA, Shanghai, China) at 10×100 magnification.

Biomass quantification for biofilm formation in
microtiter plates

Biomass was quantified with a modified crystal violet-based
assay, as described by Kwiecinska-Piróg et al. [29]. The biofilm
formation procedures were performed by adding 10 μL of the
bacterial suspensions to sterile 96-well polystyrene microtiter
plates along with 200 μL TSB + 3% (w/v) NaCl and incubating the
suspensions at 37 ℃ at a rotational speed of 50 rpm for varying
lengths of time (0-120 h). The culture medium was changed the
following day, and 10 μL sterile PBS was used as the blank control.
The effect of salinity and shear stress on biofilm formation was
determined by using one of eight NaCl concentrations (0.5, 1.0,
2.0, 3.0, 4.0, 5.0, 6.0 or 7.0 percent) combined with five rotational
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speeds (0, 50, 70, 100 or 130 rpm) to analyze the effect of salinity
and shear stress on biofilm formation, and bacterial suspensions
were incubated at 37 ℃ for 24 h. Orbital shaking, by varying the
rotational speed, was used to differentiate the shear stress.
Bacterial suspensions were removed, and all microtiter plates
were rinsed three times with 200 μL PBS to flush non-adherent
bacteria. Plates were air-dried for 30 min at room temperature.
Then, 200 μL 0.1% (w/v) crystal violet were added for 5 min,
the stain was removed, and wells were rinsed with PBS to
eliminate excess crystal violet. Plates were dried for 15 min at
room temperature, and the bound dye in each well was dissolved
using 200 μL of 33% (v/v) acetic acid. After 5 min, the biomass
was determined by measuring absorbance at 595 nm with a
multi-mode microplate reader (Infiniti M200pro, Switzerland).
The OD595 values for the experimental group minus the blank
control provided the final reading. All experimental assays were
performed in triplicate.

Photodynamic inactivation assays

Photosensitizer and light source: Methylene blue, the
photosensitizer used in this study, was purchased from SigmaAldrich (USA). The stock solution was dissolved in PBS (pH=7.4)
to obtain a concentration of 10 mg/mL, which was then sterilized
by filtration through a 0.22 μm Millipore membrane (Sartorius
Stedim Biotech, Germany) and stored in the dark at 4 ℃ until used.
Irradiation procedures were performed using a photocatalysisxenon lamp (250–1800 nm; LSH-X150; Zolix Instruments Co.,
Ltd, Beijing, China) located on the inside-top of a plastic chamber,
with a power density of 20.83 mW/cm2. The light source was
focused on the sample distal to a convex mirror, and the diameter
of the spot was 4 cm. Samples were positioned at the center of
the chamber, 20 cm from the lamp. The dosage provided was
calculated as follows [30]:
E = Pt

where E = Dose (energy density) in J/cm2, P=Irradiance
(power density) in W/cm2, and t = time in sec.

Experimental procedures for PDI inactivation: The
V. parahaemolyticus biofilms were formed on the cover slips
(20×20 mm) in the sterile 6-well polystyrene microtiter plates as
previously described, followed by 24 h cultivation. The media was
removed, and the cover slips were rinsed with PBS. To investigate
the effect of light dose on V. parahaemolyticus biofilm inactivation,
2 mL of 100 μg/mL methylene blue solution were added to each
well, and the biofilms were incubated in the dark for 30 min.
After incubation, irradiation times of 1 min (1.2498 J/cm2), 5
min (6.249 J/cm2), 10 min (12.498 J/cm2), and 20 min (24.996 J/
cm2) were employed. The controls consisted of biofilms without
photosensitizer and exposure to different doses of light. To study
the role of methylene blue concentration combined with light
dose on microbial inactivation, the mature V. parahaemolyticus
biofilms were incubated in the dark with different concentrations
of methylene blue (0.1, 1, 10, 100 or 1000 μg/mL) at 37 °C for
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30 min, and they were subsequently exposed to light for 1, 5, 10
or 20 min. The control samples included were the following: no
treatment (L- S-), irradiation only (L+ S-), and methylene blue
only (L- S+). The groups that did not receive methylene blue did
receive the same volume of PBS (pH=7.4). The methylene blue
only groups and the no treatment group were protected from light
for 20 min.
Following irradiation, the biofilm samples on the cover slips
were transferred to 50 mL centrifuge tubes, and biofilms were
then removed from the cover slip surfaces using glass bead
sonication (KQ-500DE, Kunshan Ultrasonic Instruments Co.,
Ltd, China) at 50 kHz for 5 min (paused for 30 s after each 30 s
treatment). Each group of samples was serially diluted 10-fold
in PBS, and the 100 μL dilutions were each spotted onto a TSA
plate. Plates were incubated at 37 ℃ for 24 h, and the results
were expressed as log CFU/mL. Each experimental condition was
performed in triplicate.

A comparison of photodynamic inactivation of V.
parahaemolyticus biofilms and planktonic cells was undertaken
by respectively transferring 200 μL of the cell suspensions and a
biofilm-coated cover slip in each well in 6-well plates with 2 mL
methylene blue at different concentrations (0, 0.1, 1.0, 10, 100 or
1000 μg/mL) and then irradiating for 20 min. Cell survival was
determined by a plating method, and each experimental condition
was tested in triplicate.

Observation of PDI with confocal laser scanning
microscopy: A confocal laser scanning microscopy (CLSM)
experiment was performed to visualize the effect of PDI on the
integrity of bacterial biofilms and to assess cell viability. The
covers slips were placed in sterile 6-well polystyrene microtiter
plates with inoculated TSB containing 3% (w/v) NaCl, and they
were incubated and agitated at 37 ℃ and 50 rpm for 24 h. The
preformed biofilms were treated with different concentrations
of methylene blue (0, 1.0, 10 or 100 μg/mL) and irradiated for
20 min. Another set of samples were treated with 100 μg/mL
methylene blue and irradiated for varying lengths of time (0, 1.0,
10 or 20 min). Bacterial membrane integrity and cell viability were
assessed by CLSM (LSM710, ZEISS, Germany) using a living-dead
cell staining Kit (Biovison, USA). After irradiation, the samples
were rinsed with PBS three consecutive times. The samples were
stained with SYTO®9 (for intact live bacteria; Ex/Em=488/518
nm) and propidium iodide (for membrane damaged or non-viable
bacteria; Ex/Em=488/615 nm) according to the manufacturer’s
instructions, incubated in the dark at 37 ℃ for 30 min without
shaking, and subsequently analyzed with a CLSM equipped with
an Argon laser (488 nm), and a He–Ne laser (555 nm). Images
were extracted with Zen 2010 software. For each condition, three
independent biofilm samples were obtained.

Statistical analysis

All experiments were carried out independently in triplicate.
Values were expressed as the mean ± standard deviation (SD). The
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data reported were statistically validated using one-way analysis
of variance (ANOVA) with Tukey’s post t-test, by the IBM SPSS
statistics 21 (USA). A p-value of < 0.05 was considered significant.

Results and Discussion

Kinetics of V. parahaemolyticus biofilm formation
V. parahaemolyticus biofilms formed on glass surfaces
were viewed under optical microscopy after staining the
adhered bacteria with crystal violet. Figure 1 shows that V.
parahaemolyticus biofilm formation on glass occurred over five
distinct developmental phases:
i) initial attachment (0 to 6 h),

ii) irreversible attachment (6 to 12 h),

iii) micro-colony formation (12 to 18 h),
iv) maturation (18 to 24 h), and
v) detachment (24 to 36 h).

In Figure 1a, the control group without incubation can be seen.
Initially, V. parahaemolyticus exists in the planktonic mobile cell
form, and only a few red fine particles are evident. From 0 to 6 h,
the red fine particles increased significantly, and fine, filamentous
substances appeared on the glass (Figure 1b). In this stage, the
number of adherent bacteria increase markedly, and the pili or
flagella are responsible for the motility and adhesion of bacteria.
Only a small quantity of extracellular polymeric substances (EPS)
are evident, and many moves independently [31]. Bacteria are

loosely attached and can return to the planktonic state following
intervention. At 6 to 12 h, a large number of agglomerated
particles appeared, and the red color was intensified (Figure 1c).
The biofilm biomass can be quantified by color gradients [32], and
irreversible attachment is complete within 12 h due to the action of
quorum sensing molecules and EPS secretion. EPS are responsible
for binding cells together (cohesion) and facilitating microcolony
formation [33]. Distinct micro-colonies appeared on the surface,
and the biofilm structure tended to be closed and orderly over a
period of 18 h (Figure 1d). Micro-colony formation is the basic
building block of biofilms, resulting from the concurrent growth
of microorganisms and the accumulation of EPS [5]. By 24 h, the
biofilm achieved its darkest color, and the annular connecting
structure appeared (Figure 1e). Maturation is the most stable
stage in biofilm formation, and the thickness of the extracellular
matrix increased continuously until V. parahaemolyticus
communities were completely encased within this material.
Details of the complex architecture of biofilms, such as interstitial
channels, pores within bacterial colonies, and water channels
between colonies could be visualized. Cell detachment at 36 h is
the final stage in the biofilm cycle, when the color of the biofilms
becomes lighter due to numerous cells being released from the
mature biofilm (Figure. 1f). Pathogens released from the biofilm
invariably cause food hygiene problems. In addition, due to limited
nutrient availability or the accumulation of inhibiting metabolites,
starvation leads to accelerated detachment, and it forces bacteria
inside the biofilm to find new nutrient environments [34].

Figure 1: Images of the V. parahaemolyticus biofilm formation process visualized after crystal violet staining. Representative images
(magnification, 10×100) of V. parahaemolyticus biofilms grown on glass for 0 h (a), 6 h (b), 12 h (c), 18 h (d), 24 h (e) and 36 h (f).

The ability to form biofilms can vary among species. The
results reported here for V. parahaemolyticus were similar to
those reported for Listeria monocytogenes and Salmonella
typhimurium biofilm formation on glass surfaces [7,35], but V.
parahaemolyticus may have a greater ability to form biofilms than
do L. monocytogenes or S. typhimurium, as it more quickly adheres
to glass surfaces and matures within 24 hours.

Influence of time, salinity, and shear stress on
V. parahaemolyticus biofilm formation
The transition of microorganisms from the planktonic to the
004

biofilm state is influenced by a number of extrinsic factors. The
effect of culture time, salinity and shear stress on biofilm growth
were explored in this study. Biofilm production as a function of
growth time from 0 to 120 h is described in Figure 2. Biomass
increased gradually with prolonged incubation up to 24 h,
reaching a maximum at 24 h. The differences in biomass produced
at 4, 8 and 12 h were significantly less than at 24 h (p<0.05), while
there were no significant differences in biomass production from
24 to 120 h (p>0.05). The fastest growth period was from 8 to
24 h due to EPS secretion and micro-colony formation, which was
in agreement with Lizcano's report [36]. Results from Korenová
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et al. [37] highlighted the fact that OD-values based on a crystal
violet-based assay are relevant to producing EPS secretion and
the formation of micro-colonies. During the development of V.
parahaemolyticus biofilms, the growth of biomass increases and

then reaches a critical point, and a dynamic equilibrium is obtained
when a supply of sufficient nutrients is available. These results
further support the exceptional ability of V. parahaemolyticus
strains to form biofilms.

Figure 2: Biomasses of V. parahaemolyticus biofilms during 120 h incubations using OD595 measurements.

Data on V. parahaemolyticus biofilm formation at varying
salinity concentrations and degrees of rotational speed are shown
in Figure 3. The test results demonstrated that these two variables
had a significant influence on biofilm formation (p<0.05). The
formation rate was enhanced by increasing salinity from 0.5 to
3% and at relatively low rotational speed (at 0-70 rpm). Biofilm
formation was significantly stronger at 3% NaCl + 70 rpm rotational
speed than in other groups (p<0.05). Furthermore, the OD595
data revealed that the formation of V. parahaemolyticus biofilm
was inhibited at low salinity (0.5%) and at high salinity (7%) as
well at high rotational speed (130 rpm). The V. parahaemolyticus
bacterium is a halophile, and it requires a minimum of 0.5% NaCl
for growth, with optimal salinity being 2-4%, and it is able to
survive at NaCl concentrations up to 10.5% [38-39]. In another
report, Mizan et al. [16] found that the largest V. Parahaemolyticus
biofilm was formed on shrimp surfaces in the presence of 0.01-

0.015% glucose + 2% NaCl. In addition, Yang et al. [40] determined
that biofilm formation can be inhibited by either low or high
salinity due to unbalanced intracellular osmotic pressure, which
can obstruct gene expression. Low rotational speed increases
opportunities for contact among cells during initial rotations,
which would help the cells to detach or disperse from the matrix
at their maturation stage. Roosjen et al. [41] found that the initial
attachment of bacteria can be active or passive which, depending
on motility, diffusion or shear stress of the surrounding fluid
phase, increases fluid flow to the attachment surface and leads to
faster adhesion of plankton. Candida krusei, maintained in a high
velocity flow system, must overcome higher shear stress to attach
to surfaces and maintain stable matrix structures [9]. Therefore,
high shear stress or adjustment to salinity can be used to prevent
cells from firmly attaching to contact surfaces, thus preventing V.
parahaemolyticus biofilm formation.

Figure 3: Influence of salinity and rotational speed on the OD595 of V. parahaemolyticus biofilms.
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Anti-biofilm efficacy of methylene blue-mediated PDI
against V. parahaemolyticus
Herein, experiments were designed to study the effect of light
dose and methylene blue concentration on inactivation against
V. parahaemolyticus biofilms. If an approximate 3 log CFU/mL
reduction in a microbial population is reached, this is considered
to be an effective antimicrobial treatment, based on the general
guidelines of the American Society for Microbiology [42].

The effects of irradiation time (light dose) on V.
parahaemolyticus inactivation are shown in Figure 4A. Biofilms
exposed to methylene blue solutions without light exposure
presented no significant reduction in bacterial count (p>0.05).
The combination of white light and methylene blue presented

strong antimicrobial activity against the biofilms. After 1 min PDI
treatment, the combination of light and 100 μg/mL methylene blue
caused a significant decrease in bacterial concentration (p<0.05)
with a 1.61 log reduction in cell count in the biofilm matrix. With
the light dose increasing to 24.996 J/cm2, the PDI treatment
showed enhanced light dose dependent bactericidal activity.
There was a significant difference of 2.69 and 4.05 log reduction
in inactivation of V. parahaemolyticus biofilms between 10 min
(12.498 J/cm2) and 20 min (24.996 J/cm2), respectively (p<0.05).
Therefore, a higher light dose resulted in greater PDI inactivation,
which may have been due to the light dose influencing the amount
of methylene blue being activated, and thus the production of
reactive oxygen species.

Figure 4: Photodynamic inactivation of V. parahaemolyticus biofilms using methylene blue. (A) Effects of irradiation time on V.
parahaemolyticus biofilms cfu under PDI treatment; (B) Effects of methylene blue concentration on V. parahaemolyticus biofilms cfu under
PDI treatment. Different letters indicate significant differences between treatment groups (p<0.05).

The effects of five methylene blue concentrations and
different light doses on the inactivation of V. parahaemolyticus
biofilms are represented in Figure 4B. The control experiments
for light alone (L+S-) further verified that this treatment had
a negligible effect on the inactivation of V. parahaemolyticus
biofilms (p>0.05) while methylene blue (100 and 1000 μg/mL)
by itself (L-S+) exerted but a slight inhibitory effect (<1 log unit).
Huang et al. [43] showed that methylene blue (200 μg/mL) by
itself reduced biofilm viability by 32% in Streptococcus mutans,
while Nie et al. [44] detected no dark toxicity with up to 64 μg/
mL of methylene blue. Therefore, it is concluded that relatively
low concentrations of methylene blue impart no dark toxicity
(<100 μg/mL). Considering all control samples (L-S-; L-S+; L+S), there were significant differences among all control and PDT
treated groups (p<0.05), except at the lowest methylene blue
concentration (0.1 μg/mL) with 1 min exposure. This indicates
that photodynamic inactivation treatment can successfully kill
matrix-enclosed V. parahaemolyticus. After 20 min irradiation
with 10 μg/mL methylene blue, the viability of cells within V.
parahaemolyticus biofilms was reduced 2.61 log units, which was
not significantly different from the 10 min irradiation + 100 μg/
006

mL methylene blue group (p>0.05). Therefore, developing a more
powerful light source to increase the light dose per unit time
could further shorten the illumination time and the methylene
blue concentration. The results shown in Figure 4B indicate that
the optimal methylene blue concentration range for killing biofilm
cells varies from 10 μg/mL to 100 μg/mL for V. parahaemolyticus.
Similar results were reported for the combination of 18 J/cm2 red
light + 78 µM (24.95 μg/mL) methylene blue, where greater than
a 3 log reduction in the concentration of biofilm cells was achieved
in Escherichia coli [45]. However, biofilm killing efficiency at
higher concentrations of methylene blue (1000 μg/mL) was
significantly lower than at 100 μg/mL after 10 min and 20 min
illumination (p>0.05). Gao and Matthews [46] reported that the
antimicrobial efficacy of PDI was lower at higher concentrations
of curcumin (2000 ppm) than at 200 ppm of curcumin. This might
have been due to a self-shielding effect of the light in a highly
concentrated solution, as a higher solute concentration may have
blocked light and interfered with the light activation process [47].
In conclusion, the combination of 100 μg/mL methylene blue and
20 min (24.996 J/cm2) irradiation was the superior PDI treatment
condition to use against V. parahaemolyticus biofilm cells.
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The inactivation of planktonic cells with PDI was also tested
for comparison with the biofilm form. Different concentrations
(0, 0.1, 1.0, 10, 100 or 1000 μg/mL) of methylene blue and 20
min irradiation were tested (Figure 5). As expected, planktonic
bacteria were more susceptible to PDI than were biofilms, and
the difference was particularly obvious in the experiments with
methylene blue. Using 10 μg/mL of methylene blue and 24.996
J/cm2 of white light, inactivation of cells achieved a 3.98 log
reduction in the planktonic form. When exposed to 100 μg/

mL methylene blue with 20 min irradiation, cell viability within
the V. parahaemolyticus biofilms and the planktonic form was
reduced by 3.95 log units and 5.46 log units, respectively. This
demonstrated that V. parahaemolyticus biofilms have a 10-100 fold
tolerance to different PDI treatment compared to the planktonic
state, probably due to the lower amount of methylene blue that
was bound to biofilm cells, and owing to the mechanical barrier to
methylene blue diffusion posed by the extracellular matrix and to
alterations in gene expression [45].

Figure 5: Comparison of PDI effects between V. parahaemolyticus biofilms and planktonic forms.

Visualizing effects of PDI under CLSM
The CLSM images of V. parahaemolyticus biofilms clearly
demonstrate the loss of membrane integrity and biofilm
inactivation due to PDI (Figure 6). Images of biofilms treated
with different methylene blue concentrations and for varying
irradiation times are presented in Figure 6A and Figure 6B. In
the negative controls (L+S-; L-S+), homogeneous and intensively
distributed structures that cover entire available surfaces can be
seen, yet there is no loss of membrane integrity or green bacteria
evident (Figure 6A-a and Figure 6B-a). The green color indicates
intact live bacterium while red color represents membrane
damaged or non-viable bacteria. The yellow color indicates cells
that are in the last stages of apoptosis or live and dead cells that
have overlapped in the same position. After PDI treatment with
increasing concentration and light dose, the images obtained in
the two experimental groups showed similar trends, with green
bacteria being significantly decreased, indicative of an increase
in the number of dead cells (Figure 6A-bcd and Figure 6B-bcd).
When the biofilms were treated with 100 μg/mL methylene blue
+ exposure to irradiation for 20 min, the cells within the biofilm
matrix were almost completely eliminated (Figure 6A-d and
Figure 6B-d). Li et al. [48-49] demonstrated similar effects of
PDI against L. monocytogenes biofilms using CLSM visualization.
In conclusion, CLSM can rapidly and visually supply qualitative
images for a large number of biofilms. The visual results obtained
by CLSM were in agreement with the plate counting method,
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demonstrating that methylene blue mediated PDI can rapidly and
effectively inhibit and eradicate V. parahaemolyticus biofilms.

Conclusion

V. parahaemolyticus readily forms a thick matrix-enclosed
biofilm community on glass surfaces, resulting in increased
resistance to hygienic and chemical treatments. The formation of V.
parahaemolyticus biofilm is influenced by time, salinity and shear
stress. A better understanding of these factors can help to avoid V.
parahaemolyticus biofilm formation in food industry applications.
PDI technology is useful in destroying V. parahaemolyticus biofilms
when cationic methylene blue is employed as the photosensitizer,
and the technology is effective at a relatively low light dose and
low methylene blue concentration. Therefore, the use of a more
powerful light-source or natural sunlight could further shorten
illumination time, which would enhance the application of this
technology for the seafood industry. Additional studies are
needed to determine the precise sterilization mechanism involved
in PDI on seafood sensory characteristics under real processing
conditions.
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Figure 6: Changes in living and dead cells of V. parahaemolyticus biofilms before and after methylene blue-medicated PDI treatment: (A)
Treatment with different concentrations of methylene blue a=L+S-; b=L+S+ (1.0 μg/mL); c=L+S+ (10 μg/mL); d = L+S+ (100 μg/mL); L+
means irradiation for 20 min (B) Irradiation at different times. a=L-S+; b=L+ (1 min), S+; c=L+ (10 min), S+; d=L+ (20 min); S+ means 100
μg/mL of methylene blue.
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