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Abstract
Antimicrobial photodynamic therapy (aPDT) employs the combination of a photosensitive agent and activating light source to destroy microbes across the prokaryotic
spectrum. Disinfection is mediated by high levels of oxidative stress exerted on microbial membranes, resulting in rapid kill without genomic exposure and consequent
upregulation of resistance. Specificity results from the electrostatic interaction between cationic photosensitizers and generally anionic microbial membranes, an effect
largely absent in zwitterionic human cells. S. pyogenes, a member of Group A streptococci, is a member of skin microbiota strongly associated with invasive skin and
soft tissue infections, including necrotizing fasciitis. This study aimed to determine susceptibility of the microorganism in both planktonic and biofilm culture to aPDT, as a
preparatory step to deployment in human clinical studies.
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Introduction
Streptococcus pyogenes, a Gram-positive aerotolerant coccus, is a
member of skin microbiota and an opportunistic pathogen in cases of trauma,
altered pH, or immunosuppression.This pathogen is one of the most important
causes of skin and soft tissue infections[1]and can lead to relatively serious
infectionsranging from pharyngitis to severe invasive infections such as
necrotizing fasciitis, a soft-tissue infection that can lead to sepsis, shock, organ
failure and death[2,3].The reported lethality of severe S. pyogenes infections
is high, ranging from 10%–30% with 650,000 deaths occurring each year[4].
Skin invasion is mediated by erythrogenic exotoxins including streptolysins
and streptococcal superantigens among others[5].
Antimicrobial photodynamic therapy (aPDT) employs the combination of
a photosensitive agent and activating light source to destroy microbes as well
as their endogenous virulence factors[6].The technique has been shownin a
number of in vitro and in vivo studies to eradicate multidrug-resistant organisms
across the prokaryotic spectrum[7,8,9]. Disinfection results from oxidative
stress exerted on pathogen membranes which immediately disrupts function
without genomic exposure[10].This kill mechanism avoids upregulation of
microbial resistance [11].No known harmful effects occur in eukaryotic cells,
making the technique uniquely suited to topical disinfection of patients[12].
The objective of this study was to demonstrate the efficacy of aPDT using
two different photosensitizer formulations against the Group A Streptococcusin
both planktonic and biofilm forms.

Materials and Methods
Bacterial culture
Streptococcus pyogenes (ATCC® 700951™) was received from ATCC
and placed in tryptic soy broth (TSB)(Becton, Dickinson and Company,
Franklin, NJ) for 18-24 hr incubation at 35 ± 2°C. After incubation, streak
cultures were plated on tryptic soy agar (TSA) plates (Becton, Dickinson and
Company, Franklin, NJ) and grown aerobically at 35 ± 2°C. After incubation,

an inoculumwas prepared in phosphate buffered saline (PBS) and density
adjusted to approximately 5×107 cells/mL using a spectrophotometer set to
420 nm (Genesys 10s, Thermo Scientific, Pittsburgh, PA).For biofilm growth,
inoculum was adjusted to a cell density of 5×108-1×109 cells/mL and then
diluted 1:40 in tryptic soy broth (TSB).

Test solutions and illumination system
The photosensitizer formulations (PS) used included a commercial
formulation (Steriwave™ ND, Ondine Biomedical Inc., Vancouver BC) and
a solution of 0.01% methylene blue USP in sterile water for injection. The
control solution consisted of phosphate buffered saline (PBS) at pH 7.4.The
illumination for the photodynamic disinfection procedure was provided by a
670nm non-thermal diode laser (PW1100 system, Ondine Biomedical Inc.)
coupled to a light delivery handpiece via a 400 μm diameter glass fiberoptic
cable. Output from the handpiece was calibrated to 200 ± 10 mW, and was
verified prior to each experiment using an optical multimeter (ILX Lightwave,
Bozeman, MT).Optical intensity was measured at 150 mW/cm2at a distance of
7 mm from the emitting aperture of the handpiece using the same multimeter.
All experiments were carried out with the surface of the test solutions located
at this distance to ensure that light emission filled the entire surface of the
solution.

Planktonic culture aPDT
Under dark room conditions, test and control solutions were prepared
by adding 180 μL of (a) PBS, (b) 0.01% methylene blue in sterile water for
injection, and (c) commercial PS, to triply spaced wells of black 96-well plates
(VWR, Tualatin, OR) along with a 0.25-2mm magnetic stir bars. The wells
were covered with sterile aluminum foil. Plates were placed on a magnetic stir
plate (Corning PC420; Fisher Scientific, Pittsburgh, PA) set at 800 rpm and
the light delivery handpiece positioned as described above over the first well.
To conduct the test, one test well at a time was opened by using a pipette tip
to break through and remove the foil covering the well, followed by addition
of 20 μL of bacterial inoculum to the solution. Illumination was initiated for 60
sec while magnetically stirring. After illumination, samples were plated onto
TSAplates and incubated at 37°C for 18 hrs prior to enumeration.

Biofilm culture aPDT
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Under dark room conditions, 200 μL of working inoculum was added to
each well of a 96-well plate and incubated while shaking at 125 rpm, 37°C
for 48 hr. Media was changed after the first 24 hrs of incubation and visual
confirmation of the presence of biofilm carried out at 48 hrs. The resulting
biofilm was washed 3X with PBS. Plates were further prepared by adding 250
μL of PBS to each well to maintain biofilm hydration and then covered with
sterile aluminum foil. Test solutions (a) PBS; (b) 0.01% methylene blue in
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Figure 1. aPDT kill of S. pyogenes in a Planktonic Culture model. Values are mean (n=3) ± SD CFU/mL. Data on bars represent log10 reduction from control (PBS).

Figure 2. aPDT kill of S. pyogenes in a Biofilm Model. Values are mean (n=3) ± SD CFU/mL.Data on bars represent log10 reduction from control (PBS).

sterile water for injection; and (c) commercial PS were prepared. To conduct
the test, one test well at a time was opened by using a pipette tip to break
through the foil covering the well, followed by removal of PBS solution and
addition of 250 µL of test solution which was allowed to incubate for 3.5 mins.
Residual test solution was removed and illumination conducted for 4 min.
Immediately following illumination, the biofilm surfaces within each treated well
were swabbed using a sterile calcium alginate swab (Puritan Medical Products
Co LLC, Guilford, ME) following a reproducible “X” pattern. Swab samples
were added to 500 µL of recovery solution (10% Tween™-80, 3% lecithin, in
0.3% sodium thiosulphate), and disruption of biofilm was carried by vortexing
for 10-30 sec, sonication for 15 min (Ultrasonicator250HT, VWRTualatin, OR),
and a second vortexing for 10-30 sec before samples were serially diluted
and plated on TSA plates. Plates were incubated at 37°C for 18 hrs prior to
enumeration by colony counting. All test and control experiments were run in
triplicate.

Statistical analysis
Raw counts for replicates of each experimental condition were averaged
and data presented as CFU/mL of surviving organisms after treatment. Kill
rate was calculated as surviving organisms expressed in CFU/mL divided
by control (no light, no photosensitizer) values expressed in CFU/mL, and
presented as log10reduction value.

Results
Results for the eradication of S. pyogenes in both planktonic and biofilm
models are shown in Figs. 1 and 2 respectively. In planktonic culture, aPDT
was demonstrated to reduce S. pyogenes populations by an average of (a)
0.1 log10[20.567%] for light alone vs. PBS control; (b) 4.19 log10[99.993%] for
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MB 0.01% plus light vs. PBS control; and (c) 5.5 log10[99.999%] for commercial
photosensitizer solution plus light vs. PBS control. In biofilm culture, aPDT
produced average reductions of (a) 0.2 log10[36.904%] for light alone vs. PBS
control; (b) 2.23 log10[99.411%] for MB plus light vs. PBS control; and (c)
2.85log10[99.859%] for commercial photosensitizer solution plus light vs. PBS
control.

Discussion
S. pyogenes expresses a wide variety of virulence factors resulting in
disease ranging from pharyngitis to severe invasive infections like necrotizing
fasciitis [13,14].The US Centers for Disease Control and Prevention (CDC)
estimate 11,000 to 24,000 cases of invasive group-A streptococcal disease
occur each year, resulting in up to 1,900 deaths [15,16]. This morbidity has
created an urgent need for novel antimicrobial approaches that do not rely
upon existing antibiotics and are capable of broad-spectrum, rapidly-cidal
activity.
Few studies have evaluated the effect of aPDT against S. pyogenes
in either planktonic or biofilm forms, despite the relative importance of this
microorganism to superficial skin infections.
Results of the present study demonstrate that antimicrobial photodynamic
therapy can rapidly reduce S. pyogenes titers in both planktonic and biofilm
culture when appropriate photosensitizer concentrations and light doses
are used. Prior investigations [17-21] have also demonstrated the broadspectrum efficacy of the technique, but the majority of these studies utilized
photosensitizers not necessarily proven safe in humans, or with photosensitizerlight combinations resulting in poor clinical utility. For example, Kashef, et.
alevaluated the effect of photodynamic inactivation in 14 clinical strains of
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Methicillin Resistant Staphylococcus aureus (MRSA) and 26 clinical strains
of Staphylococcus aureus susceptible to methicillin (MSSA) [22].Bacteria were
exposed to 50 µg/mL methylene blue, pre-incubation time of 10 min and light
intensity of 26 mW/cm2 for 15 min. Despite these lengthy exposure times, kill
levels still remained <1 log10. In this work, our group demonstrated a >99.999%
(>4 log10 reduction) in 60 sec at 150 mW/cm2 using either 0.01% MB or the
commercial PS (a methylene blue-based photosensitizer formulation) against
S. pyogenes. Previous studies by our group have demonstrated similar kills
levels and exposure times in MSSA, MRSAand P. aeruginosa [11,23].
Antibiotic treatment failure of S. pyogenes infections has been
demonstrated to be associated with biofilm formation [24]. Biofilm is
characterized by the presence of extracellular polymeric substances including
polysaccharides and proteins which are relatively heavily crosslinked, and
therefore protect against environmental stress, dehydration and antibiotic
effectiveness [25,26]. Methylene blue is a cationic small molecule which easily
penetrates crosslinked, multi-species biofilms and can generate oxidative
stress across the entire biofilm structurewhen appropriately illuminated.
At the same time, aPDT has been shown to destroy extracellular virulence
factors of bacteria such as protease and leukocidin, representing an additional
advantage to antibiotics [27-29].

Conclusion
S. pyogenes is a ubiquitous human pathogen capable of causing lifethreating infections. Results of this study indicate that aPDT is capable of
rapidly and potently eradicating S. pyogenes in both planktonic and biofilm
culture. Illuminated commercial photosensitizer solution produces significantly
deeper kills than illuminated MB alone, and both photosensitizers produce
significantly deeper kills than controls (PBS illuminated by light). These
results provide support for future clinical testing of aPDT in the treatment of
S. pyogenes infections.
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