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Abstract: Staphylococcus saprophyticus, the food-borne bacteria present in dairy products, ready-to-eat
food and environmental sources, has been reported with antibiotic resistance, raising concerns about
food microbial safety. The antimicrobial resistance of S. saprophyticus requires the development of
new strategies. Light- and photosensitizer-based antimicrobial photodynamic inactivation (PDI)
is a promising approach to control microbial contamination, whereas there is limited information
regarding the effectiveness of PDI on S. saprophyticus biofilm control. In this study, PDI mediated
by natural bioactive compound (curcumin) associated with LED was evaluated for its potential to
prevent and disrupt S. saprophyticus biofilms. Biofilms were treated with curcumin (50, 100, 200 uM)
and LED fluence (4.32]/cm?, 8.64 J/cm?, 17.28 J/cm?). Control groups included samples treated only
with curcumin or light, and samples received neither curcumin nor light. The action was examined
on biofilm mass, viability, cellular metabolic activity and cytoplasmic membrane integrity. PDI
using curcumin associated with LED exhibited significant antibiofilm activities, inducing biofilm
prevention and removal, metabolic inactivation, intracellular membrane damage and cell death.
Likewise, scanning electronic microscopy observations demonstrated obvious structural injury and
morphological alteration of S. saprophyticus biofilm after PDI application. In conclusion, curcumin is
an effective photosensitizer for the photodynamic control of S. saprophyticus biofilm.

Keywords: natural bioactive compound; photodynamic inactivation; Staphylococcus saprophyticus;
biofilm

1. Introduction

Staphylococcus saprophyticus (S. saprophyticus) is an important food-borne Gram-positive
bacteria, which is typically isolated from livestock industry and environmental sources,
such as soil, air and water [1]. Moreover, S. saprophyticus is commonly found in the food
processing industry, such as on the surfaces of working spaces including floors, drains and
processing machines, and can survive after routine cleaning and disinfection due to biofilm
formation [2]. As coagulase-negative staphylococci (CNS) strains, S. saprophyticus carries
multiple enterotoxin genes and is able to produce a range of heat-enterotoxins, causing
food intoxication and human illness [3]. It was reported that over 90% of S. saprophyticus
isolated from ready-to-eat food carried multi-antibiotic resistance, posing severe threats to
public health [4]. Moreover, S. saprophyticus is also a constituent of the genitourinary tract
microbiota and can cause urinary tract infections (especially in young women) [5].

Biofilms are aggregates of microorganisms adherent to each other and/or to surfaces,
surrounded by self-produced extracellular polymeric substances (EPSs), which helps bac-
teria survive in hostile environments [6]. A biofilm consists of microbial cells adherent
to one another living within an organic polymer matrix that they produce and to a static
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interface (living or nonliving) [7,8]. In staphylococci species, the biofilm matrix is mainly
composed of polysaccharide intercellular adhesin (PIA). However, for S. saprophyticus,
surface-associated protein (Ssp) is the most important component of biofilm, presented in
98% of S. saprophyticus isolates [9]. Nowadays, these bacteria become a big challenge to
human health due to the adaptation of strategies against antibiotic treatment like biofilm
formation, efflux pump and secretion of various enzymes [10]. In order to control and
eradicate bacterial biofilms, various physical and chemical strategies, including ultraviolet,
flushing and sanitizers, have been applied, but only with limited effectiveness [11]. Con-
sequently, alternative approaches able to inhibit or disperse biofilm production based on
novel concept is in urgent need.

Photodynamic inactivation (PDI), combing a photosensitizer (PSs) with appropriate
wavelength visible light in the presence of oxygen, has been regarded as promising for
microbial decontamination [12]. Although the use of antibiotics has provided an option
and been adopted for microbial control, the emergence of resistant bacteria has turned the
antibiotic treatment of bacterial infections into a challenge [13,14]. The interest in PDI is due
to the simple mechanism of action, as the exposure of photosensitizer to the specific light
could induce the formation of reactive oxygen species (ROS), which are highly reactive to
various biological molecules (DNA, proteins and lipids) and able to cause damage to many
fundamental structures of the cell, resulting in cell death [15]. The antimicrobial ability of
PDI to bacteria, virus, and fungi has been proven for various applications; however, the
commonly used PSs are not suitable for food-related application. Currently, most PSs are
ALA-based compounds and porphyrins, which are frequently used in medical applica-
tion [16]. Curcumin, a yellow pigment obtained from the rhizome of Curcuma longa, is a
natural bioactive compound and food-grade photosensitizer with a maximum absorption
band at 430 nm, making it an alternative candidate in antibacterial agents in the food
industry [17]. It has been reported to control the microbial load and extend the shelf life of
fresh wet noodles without causing a negative impact on noodle quality [18]. At present,
photosensitization with curcumin has been successfully tested on fungi and bacteria, such
as Candida albicans, Candida dubliniensis, Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus mutans, Vibrio parahaemolyticus and Listeria monocytogenes [19-26].

As little is known about the response of S. saprophyticus to photodynamic treatment,
especially when a biofilm is present, the aim of our study was to verify the effectiveness
of curcumin-mediated PDI against S. saprophyticus in its biofilm form under different
conditions, including various doses of curcumin and light exposure. This is a pilot study
for the assessment of natural bioactive component curcumin as a possible anti-biofilm
agent for microbial biofilm control to ensure public health.

2. Results and Discussion
2.1. Effect of PDI on the Prevention of S. saprophyticus Biofilm Formation

As one important specie of opportunistic coagulase-negative Staphylococci, the con-
trol and prevention of S. saprophyticus is important for reducing cross-contamination and
maintaining microbial safety. To examine whether PDI prevented S. saprophyticus biofilm
formation, the capacity for developing biofilm was investigated by crystal violet staining
assay (Figure 1). The results indicated that the absorbance at ODsg5 in the control groups
were higher than that of PDI groups, when treated with different concentrations of cur-
cumin (50-200 uM) associated with an 8.64 J/cm? dose (Figure 1a). Individual LED light or
curcumin treatment did not cause significant reduction in mass production compared to
blank control. The different concentrations of curcumin (50, 100, 200 uM) evaluated dis-
played no significant difference in antimicrobial photoinactivation, showing bacterial cells
susceptible to PDI using the three concentrations. Additionally, as shown in Figure 1b, the
ODsg5 value decreased significantly (p < 0.01) after 8.64 ]/ cm? and 17.28 J/cm? irradiation
associated with 100 uM curcumin treatment, achieving a reduction of 33.1% and 37.6%,
respectively. The findings showed that PDI using curcumin and blue LED exhibited good
preventive effects on S. saprophyticus biofilm formation.
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Figure 1. Inhibitory activity of PDI against S. saprophyticus biofilm formation under different CUR
concentration (a) and light dose (b). BK: blank control; PS: photosensitizer treatment; BL: blue-
light treatment; PS + BL: photosensitizer combined blue-light treatment. Values are presented as
mean £ SD. Results marked with the same letters are not significantly different.

The results of this work corroborate with previous study that evaluated the effective-
ness of PDI mediated by curcumin and blue light on S. saprophyticus in its planktonic form.
It was observed that PDI using blue LED (4.32]/ cm?) associated with CUR (25 uM) caused
significant reduction of S. saprophyticus (~5 log CFU/mL) in vitro, proving its potential
in inhibiting the growth of planktonic cultures of S. saprophyticus [27]. As bacteria in the
biofilm state exhibited higher tolerance to antimicrobial agents or treatment compared to
the planktonic forms, higher concentrations of PS or dose of irradiation are required for
effective biofilm inhibition. According to Martins et al., the biofilm cells of S. saprophyticus
displayed a marked increase (>32 times) in minimum inhibitory concentration in biofilm
(MICB) in comparison to the cells in planktonic condition, indicating that the biofilm was
able to impair the penetration of antibiotics via extracellular matrix, which might act as
a physical barrier for molecule diffusion and decrease the concentration available to the
cells [3]. Another reason is that biofilm extracellular matrix is able to adsorb or interact with
the antibiotics, in consequence, lowering the level of antibiotics available to the cells in the
biofilm [28]. The enhanced resistance of biofilm against bacterial antibiotics might also be
associated with persister cells, which are metabolically dormant, with an overexpression of
drug efflux pumps, contributing to their higher tolerance to antimicrobial agents [29]. More-
over, it has been reported that bacterial biofilms would undergo a phenotypic change, such
as increased thickness of cell wall, which renders them highly tolerant to antibiotics [30].
The resistance mechanisms might also include variations in membrane sterol composition,
overexpression of efflux pumps and different developmental phases. In another investiga-
tion, PDI using curcumin (20, 40 or 80 uM) and blue light (455 + 3 nm) at dose 5.28 J /cm?
was efficient to inactivate both methicillin-susceptible and -resistant Staphylococcus aureus
biofilms, highlighting the potential of curcumin as an effective photosensitizer [31].

2.2. Effect of PDI on the Eradication of Pre-Established S. saprophyticus Biofilm (CFU Assay)

Efficient antimicrobial approach should also have the ability to reduce the viability
of existing biofilms, rather than only inhibiting biofilm formation. To investigate whether
PDI was capable of disrupting and removing pre-formed S. saprophyticus biofilm, the effect
of PDI-associating curcumin and blue light on biofilm sessile cells viability was assessed
(Figure 2). No significant difference among the control groups (BK, PS and BL) was verified,
suggesting that curcumin and light alone would not significantly reduce pre-formed biofilm
cells viability. Compared with the control groups, notable reduction of S. saprophyticus
viability was observed after all PDI treatments, achieving approximately 4.5 log CFU/mL
reduction with different CUR concentrations (50, 100 and 200 uM) at 8.64 ] /cm? (Figure 2a).



Molecules 2021, 26, 4713

40f11

However, there was no statistical difference among the concentrations applied, which
might occur due to the fact that the dose of 8.64 ] /cm? was probably insufficient for the
complete photoactivation of all the PS molecules. Thus, the complete degradation of
CUR probably did not occur, along with a limited formation of reactive oxygen species
(ROS), resulting in a restricted phototoxic effect of curcumin. Therefore, compared with
the lower concentration of CUR, PDI with higher concentrations were not able to cause
more reduction in biofilm cell viability.
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Figure 2. Viable bacterial counts of S. saprophyticus biofilm after PDI treatment under different
curcumin concentration (a) and light dose (b). BK: blank control; PS: photosensitizer treatment; BL:
blue-light treatment; PS + BL: photosensitizer combined blue-light treatment. Values are presented
as mean =+ SD. Different letters indicate significant difference between the test samples (p < 0.01).

Additionally, the influence of light dose on the effectiveness of PDI on biofilm cells vi-
ability was evaluated. The result displayed an irradiation dose-dependent manner with the
number of log CFU/mL reduction increasing along with the dosage of blue light (Figure 2b).
PDI at light dose of 17.28 J/cm? caused the highest reduction (4.8 log CFU/mL). A lower
dose of 4.32 J/cm? and 8.64 J/cm? combined CUR treatment also induced marked re-
duction in the counts of bacteria on plates (3.12 log CFU/mL and 4.34 CFU/mL, respec-
tively). Likewise, no significant difference was observed among all control groups. These
findings corroborated the data from metabolic activity and CLSM observations. Simi-
lar results were reported by Teixeira et al., in that PDI mediated by curcumin (80 uM)
and LED light (5.28 J/cm?) was able to cause approximately 3 log CFU/mL reduction
of Staphylococcus aureus cell in biofilm [31]. These results were also agreed by Quishida
et al., who evaluated the effectiveness of PDI using curcumin (80 pM and 100 pM) and
LED (37.5 J/cm?) against 24 h biofilm of Streptococcus mutans and found that no significant
difference in viability was verified between samples treated either with PS or light only and
samples received neither PS nor LED light. Furthermore, there was no significant difference
among PDI treatment groups when curcumin concentrations were compared [32].

2.3. Effect of PDI on Biofilm Metabolic Activity

MTT assay was conducted to evaluate the effect of PDI on the metabolic activity of
S. saprophyticus biofilms. As shown in Figure 3, biofilm cultures without PDI treatment
maintained high metabolic activity, as ascertained by the high measured absorbance, and
no significant difference was found among control groups treated only by photosensitizer
(PS) or by blue light (BL) and the sample without light and PS treatment (BK). After PDI
application, a significant difference (p < 0.01) in the absorbance values was observed in
all treated groups with different curcumin concentrations (50 M, 100 uM and 200 uM)
compared with the controls (Figure 3a). The three concentrations of curcumin with blue
LED light (8.64 ]/ cm?) were able to reduce biofilm cell metabolic activity. Likewise,
compared with the control groups, PDI also resulted in a significant difference in the
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absorbance values at ODygq for all light doses. Although no significant difference was
found among different light doses at the same PS concentration, the highest reduction was
84.76% for the PDI associated with the dosage of 17.28 J/cm?. Moreover, no significant
difference was obtained when samples treated either with CUR (PS) or blue light (BL)
only and samples with neither PS nor light (BK) treatment were compared (Figure 3b).
These data indicate that S. saprophyticus biofilm was susceptible to the PDI, confirming the
results observed in the CFU/mL test. The result was also in agreement with the finding by
Sanita et al. [24], who proved a significant decrease in Candida dubliniensis biofilm metabolic
activity after PDI mediated by curcumin for all the concentrations applied.
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Figure 3. Effect of PDI on S. saprophyticus biofilm metabolic activity under different curcumin
concentration (a) and light dose (b). BK: blank control; PS: photosensitizer treatment; BL: blue-
light treatment; PS + BL: photosensitizer combined blue-light treatment. Values are presented as
mean + SD. Different letters indicate significant difference between the test samples (p < 0.01).

2.4. Effect of PDI on Biofilm Membrane Integrity

Biofilm cell membrane integrity was evaluated by CLSM based on PI penetrating (red
fluorescence) into the cell, indicating damaged or death cell. The fluorescent dye SYTO
9 with green fluorescence indicated living cells with intact cell membrane. The changes
of S. saprophyticus biofilm after PDI mediated by curcumin associated with blue light are
shown in Figure 4. Compared with the controls (BK, PS and BL) (Figure 4a—c), there
was a notable increase in the population of red cells after PDI application, demonstrating
that photosensitization treatments were able to cause photodamage and compromise cell
integrity effectively (Figure 4d—f). The data were in agreement with the results of biofilm
cells viability and metabolic activity, suggesting that impairment of membranes could
ultimately cause cell death. The mechanism might be ascribed to the production of ROS
by PDI, targeting cellular biomolecules including nucleic acid, proteins and lipids and
disrupting microbial cell membrane. Our result was in agreement with the other studies,
in which the authors verified a notable increase in cells marked with red fluorescence
after PDI by curcumin (80, 100, 120 uM) associated with light excitation on the biofilms of
Streptococcus mutans, Candida albicans and Candida glabrata [32].
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Figure 4. CLSM images of S. saprophyticus biofilm. (a) BK: blank control; (b) 100 uM CUR treatment
only; (c) 17.28 J/ cm? irradiation treatment only; (d) PDI treatment with 100 uM CUR and 4.32 ]/ cm?
irradiation; (e) PDI treatment with 100 tM CUR and 8.64 ] /cm? irradiation; (f) PDI treatment with
100 uM CUR and 17.28 J/cm? irradiation.

2.5. Morphological Alteration of S. saprophyticus Cells

The morphological damage of PDI-treated S. saprophyticus mature biofilm was de-
termined by SEM analysis (Figure 5). For the sample without PDI treatment (Figure 5a),
biofilm cells exhibited uniform and dense structure, in addition to accumulated cells
and abundant extracellular matrix. No significant alterations of the S. saprophyticus cells
were observed. However, after PDI application, a reduced number of bacterial cell and
deformed morphology was observed (Figure 5b). The distorted morphology of treated
S. saprophyticus cells as well as leakages of intracellular components verified the effective-
ness of PDI in eradicating pre-formed biofilms, which was in accordance with the result of
biofilm sessile cells viability analysis.

Figure 5. SEM images of S. saprophyticus biofilm. (a) Bacteria control group, lots of bacterial cells
aggregated together and encased by extracellular polymeric substances. (b) Biofilm inhibition by
PDI treatment, a small number of bacterial aggregates.
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3. Materials and Methods
3.1. Materials

Curcumin was obtained from Sigma-Aldrich (St. Louis, MO, USA), crystal violet
was purchased from Solarbio (Beijing, China). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) was purchased from Beijing Biotopped Biotechnology Co.,
Ltd. (Beijing, China). Ethanol was obtained from Beijing Chemical Plant Co., Ltd. (Beijing,
China). Acetic acid and methanol were obtained from Sinopharm group Co., Ltd. (Beijing,
China). Tryptone Soy Agar (ITSA) and Trypticase Soy Liquid Medium (TSB) were ordered
from Beijing Aoboxing Biotechnology Co., Ltd. (Beijing, China). Glutaraldehyde was
obtained from Tianjin Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). DMSO, PBS
and sodium chloride (NaCl) were supplied by Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China).

3.2. Bacterial Strain and Culture Conditions

Staphylococcus saprophyticus isolated from fresh noodle samples processed in our lab
was used in the study. The glycerol stock culture was stored at —20 °C with 30% glycerol.
Prior to bacterial viability analysis, the stock cell culture was thawed and cultured at 37 °C
in TSB overnight with shaking. Then, S. saprophyticus was plated onto a TSA plate and
incubated at 37 °C for 24 h. Then, bacterial single colony was inoculated into fresh TSB for
logarithmic growth. The bacterial suspension was adjusted to ODggopm 0.8 (~10” CFU/mL)
by using the microplate reader (Infinite F200 PRO, Tecan, Switzerland).

3.3. Crystal Violet (CV) Staining

Biofilm formation of S. saprophyticus was performed according to the reported method,
and biofilm mass was quantified by crystal violet (CV) staining assay [33]. Briefly, 300 nL of
bacterial suspension (107 CFU/mL) and 900 uL of fresh TSB medium were added to sterile
48-well microtiter plates, incubated at 37 °C for 24 h. Then, the culture supernatant was
carefully aspirated from the microtiter plates” well, and the wells were washed thrice with
sterile PBS (pH 7.4) to rinse non-adherent cells. Afterwards, 200 uL methanol (10%) were
added to each well and maintained for 10 min for remaining bacteria fixation. Afterwards,
methanol was removed and the fixed bacteria were stained with 100 uL CV dye (0.1% v/v)
for 5 min. Sterile PBS was used to remove exceeding dye and rinse samples. Subsequently,
acetic acid (1 mL, 33% v/v) was added to each well to dissolve the dye bound to the cells
with careful shaking. To quantify biofilm mass, the solution (200 uL) was transferred to
a microtiter plate and the absorbance at 595 nm was measured by a microplate reader
(Infinite F200 PRO, Tecan, Switzerland). The experiment was conducted in triplicate.

3.4. PDI Treatment for Biofilm Prevention

Photodynamic inhibition experiments were performed by using a blue LED de-
vice (430—470 nm, Philips, Holland) [34]. Aliquots of 300 uL S. saprophyticus suspension
(ODgoonm = 0.8) were inoculated into 900 pL of fresh TSB medium supplemented with
different curcumin concentration solutions (50 uM, 100 uM and 200 uM). After dark incu-
bation for 30 min, the S. saprophyticus suspensions were exposed to blue light of different
doses (4.32]/cm?, 8.64 J/cm? and 17.28 J/cm?, respectively). Samples exposed to neither
blue light nor CUR were set as blank control (BK); samples treated with blue light exposure
alone were presented as illumination control (BL); samples treated with curcumin alone
were presented as photosensitizer control (PS). After the PDI treatment, S. saprophyticus
cultures were incubated at 37 °C for 24 h in 48-well microtiter plates for biofilm formation.
The experiment was conducted in triplicate.
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3.5. PDI Treatment for Biofilm Eradication

The eradication effects of curcumin-mediated PDI on pre-established biofilm were
investigated according to a previously described method [35]. Prior to the treatment,
50 uL of S. saprophyticus suspension (ODgponm = 0.8) were inoculated into 150 pL of fresh
TSB medium in 96-well microtiter plates, and incubated at 37 °C statically for 24 h. The
culture medium was carefully aspirated, and the wells were washed thrice with sterile
PBS to remove non-adherent cells. Then, 200 puL. of curcumin solutions with different
concentrations (50 uM, 100 pM and 200 uM) were applied in each well and maintained
for 30 min at 37 °C, followed by blue-light exposure with different doses (4.32 J/cm?,
8.64 J/cm? and 17.28 J/cm?, respectively). Control groups including neither curcumin nor
light exposure (BK), photosensitizer treatment alone (PS) and blue-light treatment alone
(BL) were performed. The experiment was conducted in triplicate.

3.6. Quantification of Biofilm Culturable Cells

To assess the anti-biofilm efficacy of PDI, the biofilm was evaluated by the viability in
plate medium after PDI treatment. The biofilms were rinsed with sterile PBS to remove
weakly adherent cells, scrapped and resuspended in 200 pL of sterile PBS. The obtained
suspension was moved to sterile microcentrifuge tubes and subjected to tenfold serial
dilution in sterile PBS. Afterwards, aliquots of each dilution were plated onto TSA plates
and incubated at 37 °C for 24 h. Then, the number of colony-forming units was counted
and the results were represented in CFU/mL. All the procedures were applied three times.

3.7. MTT Assay

The metabolic activity of S. saprophyticus biofilm was evaluated by MTT assay ac-
cording to Liu et al., with slight modifications [36]. After PDI treatments, 100 uL of MTT
solution (0.5 mg/mL) were applied to each well containing biofilm samples, and incubated
at 37 °C in darkness for 3 h. Afterwards, the reaction mixture was removed and 200 pL of
DMSO were added to solubilize the formazan crystals. The reduced formazan product was
determined by measuring the absorbance at 490 nm in a microtiter plate reader (Infinite
F200 PRO, Tecan, Switzerland). The reduction of biofilm metabolic activity was calculated
using the control group (cells incubated in the absence of CUR and without light exposure)
as 100% of the metabolism of biofilms. All the procedures were applied three times.

3.8. CLSM Analysis

The membrane integrity of S. saprophyticus sessile cells after PDI treatment was evalu-
ated by the Live/Dead BacLight Bacterial viability kit (Invitrogen, San Diego, CA, USA), ob-
served using CLSM. Briefly, aliquots of 500 uL S. saprophyticus suspension (ODggonm = 0.8)
and 2 mL fresh TSB medium were added into each well, followed by incubation at 37 °C
for 24 h. Afterwards, the supernatant was removed and the wells were rinsed twice with
sterile PBS followed by PDI treatment as described above. The fluorescent dye (1 nL)
containing SYTO-9 and propidium iodide (PI) were prepared according to the manufac-
turer’s instructions. The sessile cells were stained with the dye at room temperature for
15 min in darkness. Samples were observed by Confocal laser scanning microscopy (CLSM,
FV3000, Olympus, Tokyo, Japan), in which the green fluorescence represented viable cells
with intact cell membrane, while the red fluorescence represented damaged/dead ones.
Excitation wavelengths of 488 nm and 561 nm were used for SYTO9 (480/500 nm) and PI
(490/635 nm), respectively.

3.9. Scanning Electron Microscope (SEM) Analysis for Biofilm Morphology

To determine the morphological changes of PDI treatment, S. saprophyticus biofilm
was observed by SEM, described by Garcez et al. with slight modification [37]. Briefly,
aliquots of 500 uL S. saprophyticus suspension (ODgyonm = 0.8) and 2 mL fresh TSB medium
were added to 6-well microtiter plates, followed by incubation for 24 h at 37 °C for biofilm
formation. Afterwards, biofilms on the coverslips were washed twice with PBS followed
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by PDI treatment as described previously. Then, the biofilm was washed thrice with sterile
PBS, fixed with 2.5% glutaraldehyde for 12 h at 4 °C. The fixed samples were passed
through an increasing ethanol series (15, 30, 50, 70, 90, and 100%) for dehydration, dried,
sputter-coated with gold, and visualized under a scanning electron microscope (SU8020,
Hitachi, Tokyo, Japan).

3.10. Statistical Analysis

The experimental data were presented as mean £ SD. To determine significance, the
results were analyzed by using SPSS statistical software (SPSS 19) and one-way ANOVA,
and p < 0.01 was considered significant.

4. Conclusions

To the best of our knowledge, although the effect of curcumin-mediated PDI against
other staphylococci (S. aureus) has been investigated, there is no report on its effect on
S. saprophyticus biofilm formation and eradication. Due to the ability to produce enterotoxi-
genic, the attachment of S. saprophyticus to food-processing machines and contact surfaces
could cause food safety issues, posing risks for the food industry. Antimicrobial properties
of curcumin along with its negligible side effects on human health suggest it as a green and
safe agent for microbial control. The current investigation proved that natural bioactive
compound curcumin-mediated PDI was able to decrease the growth of S. saprophyticus and
its capacity to form biofilms. Moreover, PDI was also able to disassemble the mature biofilm
of S. saprophyticus, which diversified the application of bioactive compound in coping with
bacteria biofilm-associated contaminations. Considering that infections involving biofilms
create significant health and economic impacts, the PDI can be considered a promising
approach to act synergistically for microbial control in the food industry.

Author Contributions: Data curation, investigation, writing—original draft preparation, W.Y.; con-
ceptualization, writing—review and editing, Z.W.; methodology, software, Q.L.; data curation, soft-
ware, Y.J.; formal analysis, S.S.; visualization, Z.M.; formal analysis, methodology, J.L.; project admin-
istration, resources, ].W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data included in this study are available upon request by contact
with the corresponding author.

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

Sample Availability: Samples of the experiment are available upon request by contact with the
corresponding author.

References

1.

Mohamed, E.A.; Marcos, Q.B.; Karola, B.; Sonia, C.A.; Mohamed, A.B.; Rania, M.K.; Abdallah, M.M.; Pilar, C.M.; Jorge, B.V.
Molecular characterisation and typing the methicillin resistance of Staphylococcus spp. isolated from raw milk and cheeses in
northwest Spain: A mini survey. Int. Dairy J. 2019, 89, 68-76.

Harakeh, S.; Yassine, H.; Hajjar, S.; El-Fadel, M. Isolates of Staphylococcus aureus and saprophyticus resistant to antimicrobials
isolated from the Lebanese aquatic environment. Mar. Pollut. Bull. 2006, 52, 912-919. [CrossRef]

Casaes Nunes, R.S.; Pires de Souza, C.; Pereira, K.S.; Del Aguila, E.M.; Flosi Paschoalin, V.M. Identification and molecular
phylogeny of coagulasenegative staphylococci isolates from Minas Frescal cheese in southeastern Brazil: Superantigenic toxin
production and antibiotic resistance. J. Dairy Sci. 2016, 99, 2641-2653. [CrossRef] [PubMed]

Wang, J.; Qiao, M.; Zhou, Y.; Du, H.; Bai, J.; Yuan, W.; Liu, J.; Wang, D.; Hu, Y.; Wu, Y. In vitro synergistic effect of baicalin
with azithromycin against Staphylococcus saprophyticus isolated from francolins with ophthalmia. Poult. Sci. 2019, 98, 373-380.
[CrossRef] [PubMed]

Martins, K.B.; Ferreira, A.M.; Pereira, V.C.; Pinheiro, L.; Oliveira, A.; Cunha, M.L.R.S. In vitro effects of antimicrobial agents on
planktonic and biofilm forms of Staphylococcus saprophyticus isolated from patients with urinary tract infections. Front. Microbiol.
2019, 10, 40. [CrossRef] [PubMed]


http://doi.org/10.1016/j.marpolbul.2005.12.008
http://doi.org/10.3168/jds.2015-9693
http://www.ncbi.nlm.nih.gov/pubmed/26830747
http://doi.org/10.3382/ps/pey356
http://www.ncbi.nlm.nih.gov/pubmed/30085207
http://doi.org/10.3389/fmicb.2019.00040
http://www.ncbi.nlm.nih.gov/pubmed/30745897

Molecules 2021, 26, 4713 10 of 11

*®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Tremblay, Y.D.; Lamarche, D.; Chever, P.; Haine, D.; Messier, S.; Jacques, M. Characterization of the ability of coagulase-negative
staphylococci isolated from the milk of Canadian farms to form biofilms. J. Dairy Sci. 2013, 96, 234-246. [CrossRef]

Shirtliff, M.E.; Mader, ].T.; Camper, A.K. Molecular interactions in biofilms. Chem. Biol. 2000, 9, 859-871. [CrossRef]

Goldberg, J. Biofilms and antibiotic resistance: A genetic linkage. Trends Microbiol. 2002, 10, 264. [CrossRef]

Szabados, F.; Mohner, A.; Kleine, B.; Gatermann, S.G. Staphylococcus saprophyticus surface-associated protein (Ssp) is associated
with lifespan reduction in Caenorhabditis elegans. Virulence 2013, 4, 604-611. [CrossRef] [PubMed]

Wassenaar, T.M.; Ussery, D.; Nielsen, L.N.; Ingmer, H. Review and phylogenetic analysis of qac genes that reduce susceptibility to
quaternary ammonium compounds in Staphylococcus species. Eur. J. Microbiol. Immunol. 2015, 5, 44-61. [CrossRef] [PubMed]
Von Eiff, C.; Peters, G.; Heilmann, C. Pathogenesis of infections due to coagulase-negative staphylococci. Lancet Infect Dis. 2002, 2,
677-685. [CrossRef]

Castro, K.A.; Moura, N.M.; Fernandes, A.; Faustino, M.A.; Simdes, M.M.; Cavaleiro, ].A.; Nakagaki, S.; Almeida, A.; Cunha, A
Silvestre, A.]. Control of Listeria innocua biofilms by biocompatible photodynamic antifouling chitosan based materials. Dyes
Pigments 2017, 137, 265-276. [CrossRef]

Gundogan, N.; Citak, S.; Yucel, N.; Devren, A. A note on the incidence and antibiotic resistance of Staphylococcus aureus isolated
from meat and chicken samples. Meat Sci. 2005, 69, 807-810. [CrossRef]

Chang, S.C.; Hsieh, SM.; Chen, M.L.; Sheng, WH.; Chen, Y.C. Oral fusidic acid fails to eradicate methicillin-resistant
Staphylococcus aureus colonization and results in emergence of fusidic acid-resistant strains. Diagn. Microbiol. Infect Dis. 2000, 36,
131-136. [CrossRef]

Leonel, L.D.C.; Carvalho, M.L.; Da Silva, B.M.; Zamuner, S.; Alberto-Silva, C.; Costa, M.S. Photodynamic Antimicrobial
Chemotherapy (PACT) using methylene blue inhibits the viability of the biofilm produced by Candida albicans. Photodiagnosis
Photodyn. Ther. 2019, 26, 316-323. [CrossRef] [PubMed]

Baltazar, L.M.; Ray, A.; Santos, D.A.; Cisalpino, P.S.; Friedman, A.].; Nosanchuk, J.D. Antimicrobial photodynamic therapy: An
effective alternative approach to control fungal infections. Front. Microbiol. 2015, 6, 202. [CrossRef] [PubMed]

Tortik, N.; Spaeth, A.; Plaetzer, K. Photodynamic decontamination of foodstuff from Staphylococcus aureus based on novel
formulations of curcumin. Photochem. Photobiol. Sci. 2014, 13, 1402-1409. [CrossRef]

Wang, Z.Y.; Jia, Y.T.; Zhang, M. Effect of curcumin on the quality properties of millet fresh noodle and its inhibitory mechanism
against the isolated spoilage bacteria. Food Sci. Nutr. 2020, 8, 1451-1460. [CrossRef] [PubMed]

Ribeiro, A.P.D.; Pavarina, A.C.; Dovigo, L.N.; Brunetti, I.L.; Bagnato, V.S.; Vergani, C.E.; de Souza Costa, C.A. Phototoxic effect
of curcumin on methicillin-resistant Staphylococcus aureus and 1929 fibroblasts. Lasers Med. Sci. 2013, 28, 391-398. [CrossRef]
[PubMed]

Aratjo, N.; Fontana, C.; Bagnato, V.; Gerbi, M. Photodynamic antimicrobial therapy of curcumin in biofilms and carious dentine.
Lasers Med. Sci. 2014, 29, 629-635. [CrossRef] [PubMed]

Dovigo, L.N.; Carmello, J.C.; de Souza Costa, C.A.; Vergani, C.E.; Brunetti, I.L.; Bagnato, V.S.; Pavarina, A.C. Curcumin-mediated
photodynamic inactivation of Candida albicans in a murine model of oral candidiasis. Med. Mycol. 2013, 51, 243-251. [CrossRef]
Hegge, A.B.; Bruzell, E.; Kristensen, S.; Tennesen, H. Photoinactivation of Staphylococcus epidermidis biofilms and suspensions by
the hydrophobic photosensitizer curcumin-effect of selected nanocarrier: Studies on curcumin and curcuminoides XLVIL Eur. |.
Pharm. Sci. 2012, 47, 65-74. [CrossRef] [PubMed]

Paschoal, M.A.; Tonon, C.C.; Spolidério, D.M.; Bagnato, V.S.; Giusti, ].S.; Santos-Pinto, L. Photodynamic potential of curcumin
and blue LED against Streptococcus mutans in a planktonic culture. Photodiagn. Photodyn. Ther. 2013, 10, 313-319. [CrossRef]
[PubMed]

Sanita, P.V.; Pavarina, A.C.; Dovigo, L.N.; Ribeiro, A.P.D.; Andrade, M.C.; Mima, E.G.D.O. Curcumin-mediated anti-microbial
photodynamic therapy against Candida dubliniensis biofilms. Lasers Med. Sci. 2018, 33, 709-717. [CrossRef]

Huang, J.; Chen, B.; Li, H.; Zeng, Q.H.; Wang, ].].; Liu, H.; Pan, Y.; Zhao, Y. Enhanced antibacterial and antibiofilm functions of
the curcumin-mediated photodynamic inactivation against Listeria monocytogenes. Food Control 2020, 108, 106886. [CrossRef]
Chen, B.; Huang, J.; Li, H.; Zeng, Q.H.; Wang, ].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]

Wang, Z.Y;; Jia, Y.T,; Li, W.Y; Zhang, M. Antimicrobial photodynamic inactivation with curcumin against Staphylococcus saprophyticus,
in vitro and on fresh dough sheet. LWT Food Sci. Technol. 2021, 147, 111567. [CrossRef]

Mah, T.E; O'Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34-39. [CrossRef]
Galdiero, E.; de Alteriis, E.; De Natale, A.; D’Alterio, A.; Siciliano, A.; Guida, M.; Lombardi, L.; Falanga, A.; Galdiero, S.
Eradication of Candida albicans persister cell biofilm by the membranotropic peptide gH625. Sci. Rep. 2020, 10, 5780. [CrossRef]
[PubMed]

Lima, S.L.; Colombo, A.L.; de Almeida Junior, ].N. Fungal cell wall: Emerging antifungals and drug resistance. Front. Microbiol.
2019, 10, 2573. [CrossRef] [PubMed]

Teixeira, C.G.D.S.; Sanita, P.V.; Ribeiro, A.P.D.; Dias, L.M.; Jorge, ]. H.; Pavarina, A.C. Antimicrobial photodynamic therapy
effectiveness against susceptible and methicillin-resistant Staphylococcus aureus biofilms. Photodiagnosis Photodyn. Ther. 2020,
30,101760. [CrossRef] [PubMed]

Quishida, C.C.; Mima, E.G.O.; Jorge, ].H.; Vergani, C.E.; Bagnato, V.S.; Pavarina, A.C. Photodynamic inactivation of a multispecies
biofilm using curcumin and LED light. Lasers Med. Sci. 2016, 31, 997-1009. [CrossRef] [PubMed]


http://doi.org/10.3168/jds.2012-5795
http://doi.org/10.1016/S1074-5521(02)00198-9
http://doi.org/10.1016/S0966-842X(02)02381-8
http://doi.org/10.4161/viru.25875
http://www.ncbi.nlm.nih.gov/pubmed/23959029
http://doi.org/10.1556/EuJMI-D-14-00038
http://www.ncbi.nlm.nih.gov/pubmed/25883793
http://doi.org/10.1016/S1473-3099(02)00438-3
http://doi.org/10.1016/j.dyepig.2016.10.020
http://doi.org/10.1016/j.meatsci.2004.10.011
http://doi.org/10.1016/S0732-8893(99)00116-9
http://doi.org/10.1016/j.pdpdt.2019.04.026
http://www.ncbi.nlm.nih.gov/pubmed/31042554
http://doi.org/10.3389/fmicb.2015.00202
http://www.ncbi.nlm.nih.gov/pubmed/25821448
http://doi.org/10.1039/C4PP00123K
http://doi.org/10.1002/fsn3.1427
http://www.ncbi.nlm.nih.gov/pubmed/32180954
http://doi.org/10.1007/s10103-012-1064-9
http://www.ncbi.nlm.nih.gov/pubmed/22358772
http://doi.org/10.1007/s10103-013-1369-3
http://www.ncbi.nlm.nih.gov/pubmed/23793414
http://doi.org/10.3109/13693786.2012.714081
http://doi.org/10.1016/j.ejps.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22609527
http://doi.org/10.1016/j.pdpdt.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23993858
http://doi.org/10.1007/s10103-017-2382-8
http://doi.org/10.1016/j.foodcont.2019.106886
http://doi.org/10.1016/j.foodcont.2020.107181
http://doi.org/10.1016/j.lwt.2021.111567
http://doi.org/10.1016/S0966-842X(00)01913-2
http://doi.org/10.1038/s41598-020-62746-w
http://www.ncbi.nlm.nih.gov/pubmed/32238858
http://doi.org/10.3389/fmicb.2019.02573
http://www.ncbi.nlm.nih.gov/pubmed/31824443
http://doi.org/10.1016/j.pdpdt.2020.101760
http://www.ncbi.nlm.nih.gov/pubmed/32283312
http://doi.org/10.1007/s10103-016-1942-7
http://www.ncbi.nlm.nih.gov/pubmed/27126412

Molecules 2021, 26, 4713 11 of 11

33.

34.

35.

36.

37.

Stepanovic, S.; Vukovic, D.; Dakic, I.; Savic, B.; Svabic-Vlahovic, M. A modified microtiter-plate test for quantification of
staphylococcal biofilm formation. J. Microbiol. Methods 2000, 40, 175-179. [CrossRef]

Vassena, C.; Fenu, S.; Giuliani, F,; Fantetti, L.; Roncucci, G.; Simonutti, G.; Romano, C.L.; De Francesco, R.; Drago, L. Photodynamic
antibacterial and antibiofilm activity of RLP068/Cl against Staphylococcus aureus and Pseudomonas aeruginosa forming biofilms on
prosthetic material. Int. |. Antimicrob. Agents 2014, 44, 47-55. [CrossRef] [PubMed]

Vilela, SEG.; Junqueira, J.C.; Barbosa, J.O.; Majewski, M.; Munin, E.; Jorge, A.O.C. Photodynamic inactivation of
Staphylococcus aureus and Escherichia coli biofilms by malachite green and phenothiazine dyes: An invitro study. Arch.
Oral Biol. 2012, 57, 704-710. [CrossRef]

Liu, J.; Wang, Y,; Hao, Y.M.; Wang, Z.W.; Yang, Z.H.; Wang, Z.Y.; Wang, J. 5-heptadecylresorcinol attenuates oxidative damage
and mitochondria-mediated apoptosis through activation of SIRT3/FOXO3a signaling pathway in neurocytes. Food Funct. 2020,
11, 2535-2542. [CrossRef] [PubMed]

Garcez, A.S.; Nunez, S.C.; Azambuja Jr, N.; Fregnani, E.R.; Rodriguez, H.M.; Hamblin, M.R.; Suzuki, H.; Ribeiro, M.S. Effects
of photodynamic therapy on Gram-positive and Gram-negative bacterial biofilms by bioluminescence imaging and scanning
electron microscopic analysis. Photomed. Laser. Surg. 2013, 31, 519-525. [CrossRef] [PubMed]


http://doi.org/10.1016/S0167-7012(00)00122-6
http://doi.org/10.1016/j.ijantimicag.2014.03.012
http://www.ncbi.nlm.nih.gov/pubmed/24933446
http://doi.org/10.1016/j.archoralbio.2011.12.002
http://doi.org/10.1039/C9FO03028J
http://www.ncbi.nlm.nih.gov/pubmed/32141452
http://doi.org/10.1089/pho.2012.3341
http://www.ncbi.nlm.nih.gov/pubmed/23822168

	Introduction 
	Results and Discussion 
	Effect of PDI on the Prevention of S. saprophyticus Biofilm Formation 
	Effect of PDI on the Eradication of Pre-Established S. saprophyticus Biofilm (CFU Assay) 
	Effect of PDI on Biofilm Metabolic Activity 
	Effect of PDI on Biofilm Membrane Integrity 
	Morphological Alteration of S. saprophyticus Cells 

	Materials and Methods 
	Materials 
	Bacterial Strain and Culture Conditions 
	Crystal Violet (CV) Staining 
	PDI Treatment for Biofilm Prevention 
	PDI Treatment for Biofilm Eradication 
	Quantification of Biofilm Culturable Cells 
	MTT Assay 
	CLSM Analysis 
	Scanning Electron Microscope (SEM) Analysis for Biofilm Morphology 
	Statistical Analysis 

	Conclusions 
	References

