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Abstract

Staphylococcus aureus (S. aureus) is a common human pathogen, which causes pyogenic and systemic infections. S. aureus infections are
difficult to eradicate not only due to the emergence of antibiotic-resistant strains but also its ability to form biofilms. Recently, photodynamic
therapy (PDT) has been indicated as one of the potential treatments for controlling biofilm infections. However, further studies are required to
improve our knowledge of its effect on bacterial biofilms, as well as the underlying mechanisms. This manuscript describes an in vitro model of
PDT with 5-aminolevulinic acid (5-ALA), a precursor of the actual photosensitizer, protoporphyrin IX (PpIX). Briefly, mature S. aureus biofilms
were incubated with ALA and then exposed to light. Subsequently, the antibacterial effect of ALA-PDT on S. aureus biofilm was quantified by
calculating the colony forming units (CFUs) and visualized by viability fluorescent staining via confocal laser scanning microscopy (CLSM).
Representative results demonstrated a strong antibacterial effect of ALA-PDT on S. aureus biofilms. This protocol is simple and can be used
to develop an in vitro model to study the treatment of S. aureus biofilms with ALA-PDT. In the future, it could also be referenced in PDT studies
utilizing other photosensitizers for different bacterial strains with minimal adjustments.

Video Link

The video component of this article can be found at https://www.jove.com/video/57604/

Introduction

S. aureus is an important Gram-positive pathogen that colonizes the skin and mucosa of human hosts. Its ability to form biofilms is considered an
important aspect of its pathogenesis1. Bacterial biofilms are a community of bacteria embedded in a self-produced matrix, which is composed of
extracellular polymeric substances, including polysaccharide, DNA, and protein. This matrix plays a significant role in the persistence of bacterial
infections, contributing to a high degree of resistance to the human immune system and current anti-microbial therapies2. Antibiotics are still the
major treatment for biofilm infections, although the effects of antibiotics on biofilms are limited. It has been shown previously that cells in biofilms
are 10 - 1,000 times more resistant to antibiotics compared to their planktonic counterparts3. Thus, alternative strategies are needed to conquer
this issue.

PDT, an alternative treatment for bacterial infections, uses the light of an appropriate wavelength to activate photosensitizers. This leads to the
production of reactive oxygen species (ROS), which are lethal to target cells by disrupting the cell wall, inactivating enzymes, and damaging
DNA4. This multi-target characteristic makes it difficult for bacteria to develop resistance to the PDT treatment.

The antimicrobial effect of PDT on bacterial and fungal biofilms, with multiple photosensitizers, such as toluidine blue, malachite green,
methylene blue, chlorine e6, and porphyrins, has been studied in previous reports5,6,7,8,9,10,11,12,13. 5-ALA, a prodrug of the actual photosensitizer,
PpIX, is characterized by its small molecular weight and rapid clearance12,14. These advantages give ALA-PDT major potential as a therapeutic
application. Although the effect of ALA-PDT on planktonic bacteria has been studied by many groups12, the antimicrobial effect of ALA-PDT on
bacterial biofilms has not yet been elucidated. Meanwhile, it is difficult to compare the results between previous studies. One of the reasons
is that the different protocols are used by diverse groups. Thus, this protocol describes an in vitro model of an ALA-PDT system based on our
previous work15. The effect of this model was confirmed by CFU calculation and viability staining with CLSM.
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Protocol

1. Biofilm Formation

1. Biofilm formation in 96-well microplates
1. Retrieve the S. aureus strain USA300 and 3 biofilm-forming clinical strains (C1 - C3) stored at -80 °C.

 

NOTE: The ability of the clinical strains to form biofilms was determined by the microtiter plate assay described previously15.
2. Inoculate the bacterium in 5 mL tryptone soya broth (TSB) medium, and cultivate in an incubator with shaking at 37 °C overnight to the

stationary phase.
3. Centrifuge the overnight bacterial culture at 4,000 x g for 10 min at 25 °C and then discard the supernatant. Resuspend the pellets in

phosphate buffered saline (PBS) to a final concentration of 2.0 x 109 CFU/mL.
 

NOTE: The concentration of the bacteria was estimated by measuring optical density and further determined by plate count16, revealing
that 1 OD600 of suspension contained 1.5 x 108 CFU/mL.

4. Dilute the bacterial suspension to 1:200 (1.0 x 107 CFU/mL) in TSB medium containing 0.5% glucose. Inoculate 200 µL of bacterial
suspension into each well of a cell-culture-treated polystyrene 96-well microplate.

5. Incubate the microplate statically at 37 °C for 24 h under a well oxygenated environment.
 

NOTE: The incubation time for mature biofilm formation may vary for different bacterial strains; this should be determined before the
PDT experiment15.

6. Discard the media in the wells and wash the microplate wells gently with PBS three times and then discard the supernatant.
 

NOTE: The step should be carried out very gently to avoid disturbing the formed biofilm.

2. Biofilm formation in dishes
1. Inoculate the S. aureus strain USA300 into 5 mL of TSB medium, and cultivate in an incubator with shaking at 37 °C overnight to the

stationary phase.
2. Centrifuge the overnight bacterial culture at 4,000 x g for 10 min at 25 °C and then discard the supernatant. Resuspend the pellets in

PBS to a final concentration of 2.0 x 109 CFU/mL. Then, dilute the bacterial suspension to 1:200 (1.0 x 107 CFU/mL) in TSB medium
containing 0.5% glucose. Inoculate 2 mL of bacterial suspension into a 35-mm optical quality glass bottom cell culture dish, and
incubate statically at 37 °C for 24 h.
 

NOTE: The concentration of the bacteria was estimated by measuring the optical density.
3. Aspirate the media with a pipette, and then rinse the biofilms in the dish gently with PBS three times and then, discard the supernatant

carefully.
 

NOTE: Avoid touching the pipette tip to the bottom of the dish. The step 2.2 should be performed immediately after this step to prevent
drying of the formed biofilm.

2. Light Irradiation

1. Store 5-ALA in a 4 °C refrigerator. Before the experiment, dilute 5-ALA with PBS to 10 mM.
 

NOTE: 5-ALA solution should be freshly prepared before the experiment.
2. In the experimental group, add 200 µL of 10 mM ALA to each well of the microplate or 2 mL to the culture dish. Cover the plate/dish with

aluminum foil, and incubate for 1 h. Then, irradiate the plate/dish with a light-emitting diode (LED) with a light intensity of 100 mW/cm2 for 1 h
to achieve a light dose of 360 J/cm2 at a major wavelength of 633 ± 10 nm17.
 

NOTE: In order to let the light energy be effectively and equally delivered to the biofilm in all of the wells/dishes, fix the distance from the peak
of the light source to the well/dish at 6.0 cm, and limit the experimental region to the central irradiation area (10 cm x 8 cm). To ensure that
the results are reproducible, the experiments should be performed at the same room temperature.
 

In the LED irradiation step, to avoid direct exposure of the plate to other light sources, such as sunlight, room lighting or lamplight, the LED
was turned on before moving the plate/dish to the irradiation area, and the light was bright enough to finish the operation.

3. Set up the control groups (three control groups were set up in our experiment).
1. For the first control group (ALA-LED-), add 200 µL of PBS to each well of the microplate or 2 mL to the culture dish. Cover the plate/

dish with aluminum foil, and incubate it for 2 h.
2. For the second control group (ALA+LED-), add 200 µL of 10 mM ALA to each well of the microplate or 2 mL to the culture dish. Cover

the plate/dish with aluminum foil, and incubate it for 2 h.
3. For the third control group (ALA-LED+), add 200 µL of PBS to each well of the microplate or 2 mL to the culture dish. Cover the plate/

dish with aluminum foil, and incubate it for 1 h. Then expose the plate to the LED with 360 J/cm2 light irradiation at a major wavelength
of 633 ± 10 nm17.
 

NOTE: In the LED irradiation step, avoid direct exposure of the plate to other light sources, such as sunlight, room lighting, or lamplight.

3. Determination of the Effectiveness of PDT Treatment

NOTE: To confirm the effect of ALA-PDT on the S. aureus biofilms, the viability of the cells with or without ALA-PDT was evaluated by CFU
counting as well as by viability staining.

1. Determination of the remaining viable bacterial cells
1. After ALA-PDT treatment, discard the media in the wells and wash the wells with PBS three times to remove all non-adherent cells for

both experimental and control groups.
 

NOTE: This step should be carried out very gently.
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2. Scrape the adherent bacteria cells thoroughly from the wells with the pipette tip and collect the cells in conical tubes.
3. Centrifuge the bacterial suspension at 4,000 x g for 10 min at 4 °C, then discard the supernatant.
4. Resuspend the bacteria in 1 mL of 0.25% pancreatin enzyme in PBS and incubate at 37 °C for 1.5 h.
5. Centrifuge at 4,000 x g for 10 min; discard the supernatant, then resuspend the pellet in 200 µL of PBS.
6. Make 1:10 serial dilutions of the cell solution with PBS; then, add 5 µL of each serial dilution sample onto the tryptone soya agar (TSA)

plate. Incubate the TSA plate at 37 °C for 16 h; then, count (by naked eye) the number of bacterial colonies (CFU/mL).

2. Observation of S. aureus biofilms by CLSM
1. After light irradiation, wash the biofilms in the culture dish with PBS three times.

 

NOTE: This step should be carried out very gently.
2. Add 1 mL of 1 µM green-fluorescent nuclear and chromosome stain that is permeable to the prokaryotic cell membranes (e.g., SYTO9)

and 1 mL of 1 µM propidium iodide (PI) for 20 min to stain the biofilm as well as dead cells.
3. Observe viable cells (green fluorescence, Ex/Em 485 nm/530 nm) and dead cells (red fluorescence, Ex/Em 485 nm/630nm) under a

CLSM with a 63X 1.4-NA oil-immersion objective lens.
4. Generate images using microscopy software.

Representative Results

The viability of the bacteria in the biofilms was decreased after ALA-PDT treatment when compared to the controls (ALA-LED-, ALA+LED-, and
ALA-LED+) in both USA300 and the three clinical strains (Figure 1).

To confirm the results from the CFU assay and observe the antibacterial effect of ALA-PDT on the S. aureus biofilm in situ, the USA300 biofilms
were visualized by CLSM with viability staining. The viable and dead cells were stained with green and red fluorescence, respectively. The image
showed that most of the bacteria in the biofilms were killed by ALA-PDT, which was consistent with the results of the CFU assay (Figure 2).

 

Figure 1: The effect of ALA-PDT on biofilms. CFU/mL was log-transformed and shown as the mean ± standard deviation in USA300 and three
clinical strains (C1 - C3) treated with ALA-PDT (ALA+LED+) or under the control conditions (ALA-LED-, ALA+LED-, ALA-LED+). Please click
here to view a larger version of this figure.
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Figure 2: Representative CLSM images of S. aureus biofilms with LIVE/DEAD staining. Biofilms formed by USA300 bacteria were treated
with or without ALA-PDT (panel A: ALA-LED-, panel B: ALA+LED-, panel C: ALA-LED+, panel D: ALA+LED+), and then stained with SYTO9
(green fluorescence) and PI (red fluorescence) to represent the live and dead bacteria independently. A 63X 1.4-NA oil immersion objective was
used. Please click here to view a larger version of this figure.

Discussion

PDT has been a well-studied therapy for the treatment of cancer since it was invented more than 100 years ago18. Over the last decade, PDT
has been applied as an antimicrobial strategy and has shown effectiveness against some antibiotic-resistant pathogenic bacteria12. Compared to
the planktonic state, bacterial biofilms appear to be more resistant to antibiotic treatment3, while the effect of ALA-PDT on biofilms has not been
fully investigated yet.

In this article, an in vitro ALA-PDT system was described, and the antibacterial effect of this model on S. aureus biofilms was demonstrated.
Two methods were used to test the effect of ALA-PDT on S. aureus biofilms in this protocol. While the CFU test demonstrated the antimicrobial
effect by calculating the viable cells after treatment, fluorescent viability staining with CLSM not only confirmed the results of the CFU test but
also detected the morphological character of the live and dead bacteria in situ. Using both analytical techniques together is an ideal approach for
determining the effect of ALA-PDT on biofilms. Based on the CLSM results, the dead bacterial cells were predominantly distributed in the upper
layer, while some of the bacteria in the bottom layer remained alive15. The latter may be the source of bacterial colonies in the CFU assay. A
similar result has been observed in a study conducted by O'Neill et al., which was explained by the low accumulation of photosensitizers in the
inner layer or the inability of the light to penetrate these regions19.

In this protocol, the mature biofilm was incubated with 10 mM of ALA for 1 h before exposure to PDT. These parameters were chosen based
on the results of two pre-experiments. First, the antimicrobial effect of ALA was tested against biofilms without light irradiation using different
concentrations of ALA and different amounts of time for incubation with S. aureus biofilms. The groups without any bactericidal effect were
chosen as the candidates. Second, the PDT effect was detected in these candidate groups, and the group with the most potent bactericidal
effect was finally chosen in this protocol. Thus, the parameters used in this protocol ensured that there was no bactericidal effect of ALA alone.
A 1-h incubation time is significantly shorter than those used in previous studies17,20, making it convenient for in vitro studies and for potential
application in future clinical treatments.

There are several critical points for successful use of this model. First, the whole process involving the manipulation of ALA treated bacteria
should be performed in darkness. Second, the manipulation of the mature biofilms should be gentle to avoid disturbing the formed biofilm.
Third, in the CFU test, scraping the bacteria from the bottom of the plates should be thorough. Finally, the freshly prepared ALA should be used;
therefore, it is better to prepare ALA right before the experiment.
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Although this protocol can be used to test the effect of ALA-PDT on S. aureus biofilms in vitro, it is still different from the clinical situation in vivo.
For example, biofilms in the human body are usually formed by multiple bacterial strains21,22, and the environment in vivo is more complex than
that in vitro, which might influence the effect of PDT. Therefore, future in vivo experiments are needed for a full evaluation of the antibacterial
effects of ALA-PDT on S. aureus biofilms. However, because of its advantages of convenience and the ethical issues of conducting in vivo
studies, this in vitro platform will be useful and practical to improve the study of the effects of ALA-PDT on S. aureus biofilms. It should also be
noted that although ALA, a precursor of the photosensitizer PpIX, has favorable characteristics, including rapid clearance, less and shorter-
lasting cutaneous photosensitivity, limited light penetration restricted to superficial lesions and especially its non-cumulative toxicity14, the light
dose and photosensitizer concentration required to achieve bacteria killing may still have a bystander effect on host cell viability. Thus, studying
the modification of ALA23 for targeted therapy of selected pathogenic bacterial strains like S. aureus is valuable for future antimicrobial therapy.

This protocol can not only be used for the study of the effect of ALA-PDT on S. aureus strains in the future but can also be referenced to study
its effect on biofilms formed by other bacteria. The parameters, such as the concentration of ALA and the duration of the bacteria incubation with
ALA, may vary among different bacterial strains, but the principles discussed above are commonly shared.
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