
 
 
 
 
 
 
 
 

ABSTRACT 
 

Investigating Inhibitory Synergy between Blue Light Irradiation and Antibiotic 
Treatment of Staphylococcus aureus 

 
Gregg Fox 

 
Director: Tamarah Adair, Ph.D. 

 
 

Staphylococcus aureus is a Gram-positive pathogen responsible for significant 
infections in both the hospital and the community.  Rising antibiotic resistance has led to 
increased infection rates, while the ability of S. aureus to form protective biofilms on 
medical implants continues to contribute to life-threatening instances of recurrent 
bacteremia.  In an effort to better combat these enhanced defenses, recent research has 
focused particularly on biofilm disruptors and other alternative treatment methods such as 
antimicrobial photodynamic therapy (aPDT), all of which have demonstrated synergistic 
inhibitory effects when combined with antibiotic therapy.  This experiment was 
conducted to search for similar synergistic effects when irradiation with visible blue light, 
another emerging technique, is coupled with standard antibiotic treatments of oxacillin, 
neomycin, and ciprofloxacin.  During testing, bacterial samples in 24-well plates were 
exposed to uniform 470nm blue light via an adjustable lightbox. The effects of combined 
therapy were ascertained through a modified broth microdilution assay with CFUs/mL 
measured periodically.  Data from these tests reveal that the inhibitory effect of blue light 
alone is relatively dose-independent in the short term, with dosages as low as 5 minutes 
showing significant inhibition four hours after the beginning of treatment.  Combined 
therapy is even more promising, evincing synergy between blue light and all tested 
antibiotics in the short-term and between blue light and all but neomycin in the long-
term. 
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Give light, and the darkness will disappear of itself. 
- Erasmus 
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CHAPTER ONE 
 

Introduction 
 
 

Staphylococcus aureus is a Gram-positive cocci bacterium that has achieved 

pervasive colonization of human populations around the world.  Known to be present 

asymptomatically in the nasal cavities of at least one in every three people of the healthy, 

non-institutionalized population of the United States, S. aureus is presumed to be even 

more prevalent than this figure suggests due to its ability to colonize other body surfaces 

and orifices not commonly assayed in large-scale surveys (24, 36).  Readily cross-

transferred from ill-patient to the clothing of physician and back again, the bacterium has 

been successful pathologically, with S. aureus accounting for 25.3% of bloodstream 

infections, 25.5% of lung and lower respiratory infections, and 41.6% of skin and soft 

tissue infections in the US from 1997 to 1999 (9, 36). 

This widespread dissemination of S. aureus in human populations is principally 

due to its adaptability, with the most widespread strains adapting quickly in the face of 

strong iatrogenic selective pressures.  After the initial rise of penicillin resistance came a 

watershed moment in the history of the struggle between humans and S. aureus: the first 

documented incidence of methicillin resistance in the early 1960s (3).  Since this time, 

methicillin-resistant Staphylococcus aureus (MRSA) has emerged as one of the most 

imminent and pressing threats to the modern hospital system.  Worse, S. aureus is 

accruing new resistances with alarming speed, as evidenced by reports of strains 

demonstrating intermediate resistance to vancomycin, a drug of last resort for the 
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treatment of otherwise intractable infection (16).  This increase in resistance is 

particularly true of hospitals in the United States, in which MRSA incidence increased 

from 34-45% of all nosocomial S. aureus infections from 1997-1999 (9).  Data gathered 

from 2001-2002 placed asymptomatic colonization of healthy Americans with MRSA at 

roughly 1% (24).    

The ballooning of MRSA incidence has been aided by the emergence of a new 

series of S. aureus strains that appear to be incubated outside of hospitals entirely and are 

instead held in the human reservoirs of surrounding communities.  This class of 

community-acquired, or “CA” staphs, has experienced an explosion in methicillin 

resistance even over comparatively short time frames.  Despite relatively slow growth in 

CA-MRSA incidence among S. aureus bacteremias in United States hospitals—from 22-

28%—in the period between 1997 and 1999, a study conducted at Texas Children’s 

Hospital from 2001-2004 discovered methicillin resistance in 76.4% of all community 

acquired infections (9, 20).   In addition to noting this high level of resistance, researchers 

engaged in comparative investigations of CA-MRSAs have noted that they display 

different patterns of multiple drug resistance, virulence factor expression, and typical 

infection presentation than do their hospital-acquired relatives.  Two differences that have 

received the bulk of research attention are the increased expression of Panton-Valentine 

Leukocidin (PVL, a virulence factor) and the high incidence of type IV SCCmec 

cassettes (42).  The presence of this particular SCCmec (or staphylococcal cassette 

chromosome mec) as a possible primary distinguisher of CA-MRSA from HA-MRSA is 

especially interesting; SCCmec “genetic islands” have been repeatedly demonstrated to 

be mobile genetic elements that directly confer methicillin resistance (2, 17).  Current 
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understanding of these SCCmecs suggests that such high rates of resistance acquisition 

will only continue in the coming years. 

 Another factor confounding effective treatment of S. aureus in general and MRSA 

in particular is the bacterium’s tendency to colonize medical implants.  These 

interventions, including endotracheal tubes and central venous catheters (“central lines,” 

or CVCs), are essential to the care of critically ill patients who, unfortunately, are already 

those most likely to harbor infection (26, 33).  Of the two, CVCs pose the greatest risk 

because of their ubiquitous use in the intensive care setting and direct access to the 

circulatory system.  In 1992, it was estimated that some 20 million patients would receive 

CVCs, and a more recent study implicates bacterial colonization of the apparatus in some 

5% of all hospital-acquired infections (6, 37).  Not only do the recurrent infections that 

result from this contamination incur huge labor and comfort costs for their repeated 

removal and replacement, but they are also extremely difficult to treat with antibiotics.  

Biofilms are thought to provide an ideal environment for the harboring of “persister” 

cells, a unique community of bacterial cells within a larger group with altered physiology 

and metabolism that lend dramatically increased tolerance to antibiotics (14, 27).  The 

dense layering of bacteria that naturally results as a consequence of biofilm architecture 

is also thought to contribute to reduced antibiotic effectiveness.  This is more pronounced 

for bacteria in deeper layers of the film, where antibiotics are almost entirely unable to 

perfuse at concentrations necessary to initiate inhibition.  Finally, bacteria at these lower 

layers are thought to receive additional protection by the very fact of their partially 

quiescent state, with reduced metabolic activity hindering the effects of certain antibiotics 

(1, 45). 
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 The variety of mechanisms by which MRSA can elude and evade inhibition via 

antibiotics has spurred intense interest in the search for alternative antimicrobial 

therapies.  In recognition of both the remarkable diversity of bacterial strains and the 

constant specter of resistance induction against new methods even as they are still in 

testing, much of this research has focused on either adjuvant therapies—systems whose 

addition to current standards of care will only enhance the overall efficacy of a treatment 

regimen—or on therapies whose unique mechanisms alone obviate the formation of 

resistance.  One such method, in recognition of the insufficiency of antibiotics in the face 

of established biofilms, combines typical antibiotics with biofilm disrupting agents such 

as EDTA, talactoferrin, or RNAIII-inhibiting peptide to great effect (6, 43).  Another 

technique, antimicrobial photodynamic therapy (aPDT), has proven to be an effective 

treatment for Gram-positive and Gram-negative bacteria, as well as viruses (19, 44).  The 

method, which requires visible light shining on a photosensitizing agent in an oxygenated 

environment, inactivates microbes by the production type I and type II radical oxygen 

species (ROSs), moieties that can diffuse short distances through most bacterial cell walls 

(5, 7, 13, 19).  These ROSs do not act on any one pathway or physiological process 

specifically; rather, they react with a diverse array of enzymes and cellular products, 

affecting everything from transcription rates to metabolism, eventually killing the cell 

(5).  Because of the polyvalence of this mechanism, aPDT affects MSSA (methicillin-

susceptible S. aureus) and MRSA in equal measure, and several attempts at aPDT 

resistance induction in the literature have failed (18, 40). 

 Another alternative treatment for S. aureus is irradiation with visible blue light 

(non-UV; wavelength of 400-490nm), a method that has demonstrated many of the same 
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advantages as aPDT.  Support for the inhibitory effect of high-intensity visible light, and 

particularly blue light, can be found throughout the literature against a wide variety of 

microbes, including: S. aureus, Escherichia, Salmonella, Shigella, Listeria, 

Mycobacterium, and S. marcescens (28, 32).  Clinically, visible blue light irradiation has 

already been demonstrated to have great efficacy against acne (21).  In vitro, blue light 

irradiation of has been shown to kill HA-MRSA and CA-MRSA in a dose-dependent 

manner while posing no significant threat to the health of human skin, even when 

subjected to multiple exposures (10, 22).  Currently, the prevailing hypothesis for the 

mechanism of visible blue light irradiation hinges upon the assumption that, much as in 

aPDT, the light is inciting a porphyrin-like photosensitizer to produce ROSs (28).  This 

model was originally proposed based on experiments in which the bacterial porphyrin 

biosynthesis pathway was deliberately activated.  High levels of inactivation were 

achieved when these artificially porphyrin-enriched bacteria were exposed to high-

intensity light, suggesting that certain bacteria could naturally have high enough 

concentrations of endogenous porphyrins to mimic these effects (28, 35).  Although 

subsequent experiments have indicated that visible blue light irradiation is indeed 

oxygen-dependent and exhibits synergy when paired with radical oxygen producers such 

as hydrogen peroxide, the actual pathway by which this inhibitory effect is exerted 

remains poorly understood (11, 28, 31). 

 Taking all of the data into account, this report investigates possible synergistic 

interactions between antibiotics and visible blue light irradiation when used to treat 

planktonic S. aureus (both MSSA and MRSA) in vitro.  This serves two complimentary 

purposes.  First, given the safety of blue light irradiation, any indication of synergy with 
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commonly used antibiotics could be quickly implemented into clinical care of open 

wounds, surgical sites, and other sites likely to be colonized by S. aureus.  Likewise, 

synergy could significantly enhance the potential of theoretical treatments such as 

intracellular aPDT, which attempt to only initiate ROS generation within the cytosol of 

the targeted bacteria (34).  From an experimental standpoint, this report aims to direct 

further investigation into the pathway most involved in the inhibitory effect produced by 

visible blue irradiation by comparing the synergy data of oxacillin, neomycin, and 

ciprofloxacin—antibiotics with diverse targets and mechanisms of action. 
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CHAPTER TWO 
 

Methods and Materials 
 
 

Broth and Agar 
 

Broths and agar used in these experiments include: BD Difco Mueller-Hinton 

Broth (MHB), BD Bacto Brain Heart Infusion (BHI), BD Difco Tryptic Soy Agar (TSA), 

and OmniPur Phosphate-Buffered Saline (PBS).  MHB, BHI, and TSA were all 

autoclaved at 121°C and 15psi for 15 minutes.  PBS was diluted from 10X stock and 

filter sterilized.  2%(w/v) sodium chloride was added to MHB to discourage growth of 

other microbes. 

 
 

Antibiotic Samples 
 

Antibiotics used in these experiments include: oxacillin (Toku-E), neomycin 

(Toku-E), and ciprofloxacin (Cellgro).  Antibiotics were dissolved to a predetermined 

“stock” concentration (mg/mL) in filter-sterilized DI water.  Dissolved samples were then 

filter sterilized and aliquoted into 0.5mL microcentrifuge tubes (Eppendorf).  These stock 

solutions were frozen at -20°C until needed.  Approximately 1-2 hours before performing 

a protocol, a tube was removed from frozen storage, melted at room temperature, and 

placed under refrigeration.  Immediately prior to use, antibiotics were removed from 

refrigeration and diluted to “experimental” concentration in either MHB or BHI. 
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Blue Light Irradiation 

Blue light irradiation in these experiments was performed using a 6x4 array of 

blue LEDs (Kingbright) designed to rest on top of a modified 24-well plate lid (BD 

Falcon).  Resistors required for this array’s function are located on a separate board, 

preventing electronics-generated heat from affecting experimental conditions.  When 

fitted properly onto a corresponding 24-well plate, LEDs within the assembly are 

approximately 0.5mm from the surface of the liquid sample in any given well. 

Figure 1.  Kingbright LED Emission Spectrum (30) 

The LEDs have a dominant wavelength of 470nm with a spectral line half-width of 

21nm, and when operated at 20mA are engineered to have 0.064W of power with a θ1/2 

of 8°.  Amperage received by any of the four rows can be independently modulated by 

means of the associated control box.  Average illuminance per LED at this amperage was 

measured to be 4.41 klx at 0.5mm away using a BK Precision Light Meter (Mouser 615-

615).  Given a well area of 0.0188m2, the surface of the broth continuously receives 

approximately 82.9 lumens of luminous flux during treatment.  Experimental design 
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included either a blue light and a no light plate (with the no light plate isolated in a light-

opaque box for the duration of exposure) or a single plate solution in which only certain 

rows were exposed. 

 
 
S. aureus Strains 

 
All S. aureus strains were cultured from samples collected from the nares of 

healthy Baylor students over an approximately four year period (Fall 2007 through 

Spring 2011).  Antibiotic resistance in these strains was characterized at the original time 

of collection via Kirby-Bauer disk diffusion (see Table 1); samples were subsequently 

preserved on CryoBeads (Key Scientific) at -20°C.  S. aureus strains used in these 

experiments were selected for their resistance to the antibiotics and include SA2288 

(methicillin / oxacillin resistant, tested against oxacillin), SA2514 (neomycin resistant, 

tested against neomycin), and SA3016 (methicillin / oxacillin / ciprofloxacin resistant, 

tested against ciprofloxacin).  Resistant strains were used in order to increase the 

likelihood that the effects of antibiotic treatment alone could be distinguished from 

treatment with antibiotics and blue light irradiation combined   

 
 

Table 1. S. aureus Strain Kirby-Bauer Results 
 

 Antibiotic 
Strain Oxacillin Neomycin Ciprofloxacin 

SA2288 0mm, R 22mm, S 31mm, S 
SA2514 25mm, S 14mm, R  28mm, S 
SA3016 0mm, R 25mm, S 11mm, R 

 
 

To establish an active culture for a particular strain, a seeded CryoBead was 

inoculated into 5mL of either MHB or BHI.  The inoculum was incubated overnight at 
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37°C, then streaked onto TSA.  After overnight incubation of this plate, a sample from a 

single colony was taken and streaked onto fresh TSA.  This “master” plate was then 

grown overnight and stored under refrigeration until needed.  Once established, a master 

plate for a strain was refreshed approximately every 7-10 days by seeding new TSA with 

a sample from the old plate and growing overnight. 

 
 
Experimental S. aureus Preparation and Plating 
 

Microbes used in all experiments were prepared in a standardized way.  5mL of 

broth were inoculated with a master plate sample and left to incubate overnight at 37°C.  

Prior to the beginning of the experiment in question, 50µL of the overnight culture were 

inoculated into a fresh 5mL of broth and left to incubate for two hours in order to reenter 

log-phase growth.  This culture was then serially diluted to 10-4 of the original 

concentration (approximately 3 x 103 CFU/mL). 

 Experimental effects on growth were ascertained by plating 50µL of sample from 

selected wells on TSA.  Each protocol also called for the 10-4 dilution to be plated in 

triplicate at time zero as a baseline measurement of starting inoculum.  All plates were 

incubated overnight at 37°C; colonies were counted approximately 18-24 hours after 

initial plating via visual inspection.  In those cases for which immediate counting was 

impossible, plates were placed under refrigeration at some point during the 18-24 hour 

window and preserved until counting could proceed. 
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Broth Microdilution 
 

Minimum inhibitory concentrations (MIC) and minimum bactericidal 

concentrations (MBC) for the various strains were tested using a modified version of the 

standardized protocol detailed by the Clinical Laboratory Standards Institute (CLSI) (15).  

First, a 10-4 culture of the particular strain was prepared in MHB with 2%NaCl (this was 

later supplemented with trials in BHI for the reasons discussed in subsequent sections).  

Next, 2X serial dilutions of antibiotic were performed across three of the rows in a 24-

well plate, such that each well contained 500µL of solution.  500µL of 10-4 culture were 

added to each antibiotic well and pipetted up and down to promote even dispersion.  The 

fourth plate row was used for positive (growth; 10-4 culture) and negative (no growth, 

broth) controls, while the last well in each row—with 0ug/mL of antibiotic—served as a 

growth baseline.  Finally, the plate was left to incubate overnight, and time zero samples 

were plated onto TSA. 

Approximately 18-24 hours later, the 24-well plate was removed from incubation.  

MIC was determined to be the  lowest antibiotic concentration at which no visible growth 

was observed.  Samples were then taken from all wells with no visible growth, plated 

onto TSA, incubated overnight, and counted.  MBC was determined to be the lowest 

antibiotic concentration at which zero colony growth was observed. 

 
 
Combined Treatment Broth Microdilution 
 
 Microdilution experiments incorporating blue light diverged from the above 

model in a few ways.  First, they utilized plate wells as detailed in Figure 2, treating S. 

aureus samples with various concentrations of antibiotics with and without blue light 



	   12	  

irradiation.  This protocol also required that an additional plating step be performed 

directly after blue light treatment had ended. 

 
 

 
 

Figure 2. Combined treatment broth microdilution 24-well plate 
 
 
Growth Curve 
 
 In order to compare combined treatment to the effects of antibiotics or blue light 

alone, blue light and no light plates were set up with and without antibiotics as indicated 

in Figure 3 below.  In order to maximize experimental resolution, antibiotic concentration 

was adjusted above or below MIC based on preliminary trials.  After termination of 

irradiation, plates were placed in the incubator and removed at regular intervals (either 

30min, 60min, 90min, 120min, 180min, 240min or 60min, 120min, 180min, 240min) to 

collect and plate samples from each of the eight wells.  Plates were incubated and 

counted in the manner described above.   
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Figure 3. Growth curve 24-well plate 
 
 
Absorbance Plate Reader 
 
 A blue light plate and no light plate were inoculated in a manner similar to Figure 

3, though with nine replicate wells for each treatment category.  In order to maximize 

experimental resolution, antibiotic concentration was adjusted above or below MIC based 

on preliminary trials.  Blue light irradiation was performed, and plates were incubated at 

37° C overnight.  Baseline inoculum concentration was ascertained by plating as 

described above.  After 14-17 hours of incubation, a microplate reader was used to 

determine OD 600 well absorbance, an indirect measure of bacterial concentration. 

 
 
Statistical Analysis 
 

As multiple samples taken from the same wells, short-term synergy growth curve 

data for each strain/antibiotic combination were classified as a Repeated Measure and 

assumed to exhibit convergent symmetry.  Fixed Effects F-tests were then performed for 

each of these sets to determine the p-values for time, blue light inhibition, antibiotic 
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inhibition, and the interaction between irradiation and antibiotic treatment.  Long-term 

synergistic inhibition data gathered from the plate reader were analyzed using Types I 

and III Sum of Squares SAS.  
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CHAPTER THREE 
 

Results 
 
 

Broth Microdilution 
 

To determine the MICs and MBCs of the strains when treated with their 

respective antibiotics, broth microdilutions in MHB were performed according to the 

procedure outlined in Chapter Two (data not shown).  When disparities between previous 

blue light irradiation experiments performed by the lab and the data collected in this 

study necessitated a permanent switch to BHI, new microdilutions were performed in 

BHI, as recorded in Table 2.  The resulting data were used to guide antibiotic 

concentrations used in subsequent synergy experiments. 

 
 

Table 2. S. aureus Strain MICs and MBCs 
 

Strain Antibiotic MIC (µg/mL) MBC (µg/mL) 
SA2288 Oxacillin 0.5 4 
SA2514 Neomycin 64 64 
SA3016 Ciprofloxacin 16 16 

 
 

Differential Blue Light Inhibition Based on Broth 
 
 Although initial synergy trials were performed with bacteria in MHB, bacterial 

inhibition by blue light irradiation was observed to be significantly attenuated in 

comparison to previous experiments (data not shown).  Given that bacteria in these prior 

experiments had been irradiated in BHI, SA2288 was inoculated into both MHB and BHI 

and exposed to identical doses of blue light for two hours to test this more directly.  
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Figure 4. Bacteria grown in MHB and BHI were inoculated into a 24-well microtiter plates and exposed to 
blue light for two hours.  Blue light exposure was at either 20 or 30 milliamps per LED.  The bacterial 
starting inoculum for each broth was determined by plating on TSA (SA2288 in MHB = 2580±1558 
CFU/mL; SA2288 in BHI = 1845±407 CFU/mL).  Post-treatment bacterial concentration also was 
determined by plating on TSA.  Error bars denote ±SD based on four replicates. 
 
 
As seen in Figure 4, the results of this experiment indicate that the bacterial medium is a 

significant factor when attempting to quantify blue light’s inhibitory effect.  Conversely, 

the inhibitory effect is not significantly different when LED amperage is increased from 

20mA to 30mA, at least for the particular array and LEDs employed here. 

 Although the experiment described above suggests some sort of broad broth 

effect, it fails to distinguish between possible effects of the broth the bacteria are grown 

in as compared to the broth under which they are actually irradiated.  To investigate this 

further, bacterial inocula were grown in MHB or BHI, followed by serial dilution into 

either MHB, BHI, or PBS.  The six growth/irradiation media pairings were then exposed 

to two hours of blue light. 
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Figure 5. Bacteria were grown in either MHB or BHI and serially diluted into MHB, BHI, and PBS (M = 
MHB; B = BHI; P = PBS; letter/letter = growth broth / irradiation broth; e.g. “M/M” = MHB growth, MHB 
irradiation).  These “combination” samples were then inoculated into a 24-well microtiter plate and 
exposed to blue light for two hours.  The bacterial starting inoculum for each broth combination was 
determined by plating on TSA and is recorded in Table 3.  Post-treatment bacterial concentration was also 
determined by plating on TSA.  Error bars denote ±SD based on four replicates. 
 
 

Table 3. Bacterial Starting Inocula for Figure 5 
 

Broth 
Combination M/M B/M M/B B/B M/P B/P 

Concentration 
(CFU/mL) 3245±156 4555±1570 3080±424 4705±382 1485±297 4650±481 

 
 

As seen in Figure 5, the effect of the broth on blue light inhibition is predicated entirely 

upon the media under which bacteria are irradiated, a difference seen most profoundly 

when comparing MHB and BHI.  While growth media does appear to have a fairly 

significant effect on the size of the starting inoculum (see Table 3), this is to be expected, 

as BHI is much more nutrient-rich than MHB and should tend to promote more rapid 

growth.  All other differences as a result of different growth broth that can be seen in 

post-treatment concentrations are well within margin of error. 
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 Additional investigation into the differences between BHI and PBS as irradiation 

media was conducted in order to further optimize the protocol and maximize blue light 

efficacy.  To increase the resolution of the comparison, bacterial samples were plated at 

several points during the blue light treatment process and compared to samples from an 

unirradiated plate (see Figure 6).  This experiment confirmed a significant, blue light-

mediated inhibitory effect when bacteria were irradiated under BHI; bacteria prepared 

and irradiated under PBS, however, failed to demonstrate any significant inhibition when 

compared with the unirradiated control.  PBS data was additionally complicated by the 

medium’s apparent bactericidal effect (see Table 3), likely obscuring any blue light-

mediated inhibition that might have taken place. 

 
 

 
 

Figure 6. Bacteria were grown in BHI and serially diluted into BHI and PBS.  These samples were then 
inoculated into 24-well microtiter plates and either exposed to blue light (BL) or kept in the dark (NL).  
The bacterial starting inoculum for each broth combination was determined by plating on TSA (SA2288 in 
BHI = 3210±1754 CFU/mL; SA2288 in PBS = 1445±240 CFU/mL).  Blue light was administered in 30 
minute intervals, stopping at the end of each so that samples could be plated on TSA for later concentration 
determination.  Error bars denote ±SD based on two replicates. 
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 Despite confirmation that BHI is the optimal irradiation media of those tested, the 

mechanism underlying this complementary mechanism remains relatively unknown.  As 

a preliminary assay to probe this effect, SA2288 bacteria were irradiated for two hours 

under either full strength BHI or BHI that had been diluted by one half (see Figure 7).  

These results implicate the concentration of one or more constituents of BHI in this 

complementary effect. 

 
 

 
 

Figure 7. Bacteria were grown in BHI and serially diluted into BHI and half strength BHI.  These samples 
were then inoculated into 24-well microtiter plates and either exposed to blue light (BL) or kept in the dark 
(NL) for two hours.  The bacterial starting inoculum for each broth combination was determined by plating 
on TSA (SA2288 in BHI = 2627±2713 CFU/mL; SA2288 in 1/2BHI = 1950±1279 CFU/mL).  Post-
treatment bacterial concentration was also determined by plating on TSA.  Error bars denote ±SD based on 
three replicates. 
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protocol, as described in Figure 2.  Unfortunately, this approach rapidly ran into problems 
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indistinguishable from the effect of blue light alone.  The effect of blue light was 

similarly overwhelming at the 24 hour mark, lowering sample concentrations too far to 

observe any synergistic interaction with antibiotic treatment (data not shown).   

 In order to better identify the best window for observation of inhibition, SA2288 

was either kept in the dark or exposed to blue light for 30 minutes.  Samples were then 

taken at 30 minute to one hour intervals for a period of four hours, a more granular 

approach intended to trace the inhibitory effects of blue light irradiation on bacterial 

growth over time (see Figure 8).  Interestingly, these results strongly suggest a delayed 

mechanism of action for blue light inhibition that went largely unnoticed in previous 

experiments.  This effect seems to begin 30 to 60 minutes after blue light irradiation has 

been terminated and reaches a peak over the succeeding 90 minutes.  The effect also 

exhibits strong dose-dependence, with higher exposure times yielding higher levels of 

inhibition more rapidly over the observation interval (see Figure 9).  Although the long-

term effects of blue light beyond this four hour period are complex and seemingly more 

susceptible to variables such as strain growth rate, temperature, and the like, certain 

results suggest that irradiation can continue to inhibit bacterial growth even 24 hours 

later. 
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Figure 8. Bacteria were grown and serially diluted into BHI.  These samples were then inoculated into 24-
well microtiter plates and either exposed to blue light (BL) or kept in the dark (NL) for 30 minutes (t=0 to 
t=0.5 hours).  The bacterial starting inoculum was determined by plating on TSA (SA2288 = 1350±606 
CFU/mL).  Samples were plated on TSA at the intervals specified to determine concentration and incubated 
during the interim between platings.  Data points at the top of the graph indicate samples that were too 
numerous to count accurately.  Error bars denote ±SD based on three replicates. 

 

Figure 9. Bacteria were grown and serially diluted into BHI.  Samples were then inoculated into 24-well 
microtiter plates and either exposed to blue light (BL; various doses administered by row) or kept in the 
dark (NL; beginning at t=0).  The bacterial starting inoculum was determined by plating on TSA (SA2288 
= 1720±423 CFU/mL).  Samples were plated on TSA at the intervals specified to determine concentration 
and incubated during the interim between platings.  Data points at the top of the graph indicate samples that 
were too numerous to count accurately.  Error bars denote ±SD based on three replicates (two for “15min. 
BL”). 
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Combined Treatment Synergy Testing 
 
 Synergy experiments were performed using two different protocols in order to 

analyze the interaction over both the short and long term.  For the former, the growth 

curve experiment tested in Figures 8 and 9 was modified to include antibiotic treatments 

of oxacillin, neomycin, or ciprofloxacin (see Figure 10).  These curves generally mirror 

the divergence between blue light and no light first observed in Figure 8, though, 

interestingly, the blue light curves for 10A and 10B evince regrowth between hours three 

and four.  Other experiments in the lab have indicated that the effect of blue light may be 

susceptible to alteration by any number of variables, from the size of the starting 

inoculum to temperature fluctuations during well sampling. 

 Synergistic interaction between blue light and antibiotic treatment was not 

apparent prior to statistical analysis, though several trends did emerge.  Generally, 

combined treatment growth curves of all strains seem to fall within a standard deviation 

of the corresponding blue light curve.  This is broken at four hours for SA2514, where the 

blue light sample has grown significantly more than either the combined or antibiotic 

samples.  Conversely, the SA2288 combined sample has grown more than the blue light 

sample by one hour, yet falls for the remainder of the experimental window and ends 

almost 3000 CFU/mL below the closest single treatment. 
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Figure 10. (A-C) Bacteria were grown and serially diluted into BHI.  Samples were then inoculated into 24-
well microtiter plates with or without antibiotic and either exposed to blue light (BL) or kept in the dark 
(NL; beginning at t=0).  The bacterial starting inoculum was determined by plating on TSA.  Samples were 
plated on TSA at the intervals specified to determine concentration and incubated during the interim 
between platings.  Error bars denote ±SD based on two replicates. (A) SA2288 = 3193±2797 CFU/mL.  
Growth curves for “NL+CIPRO” and “NL” extrapolated based on a previous experiment. (B) SA2514 = 
1387±1451 CFU/mL. (C) SA3016 = 2577±555 CFU/mL. 

Statistical analysis of the data sets as convergently symmetrical repeated measures was 

performed in order to test the effects of this interaction over time (see Appendix).   

The same experimental protocol was used to observe long-term synergistic 

inhibition, though instead of taking several samples for TSA plating over time, 24-well 

microtiter plates were read in a plate reader at 15-17 hours after irradiation (see Figure 

11).   
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Figure 11. (A-C) Bacteria were grown and serially diluted into BHI.  Samples were then inoculated into 24-
well microtiter plates with or without antibiotic and either exposed to blue light (BL) or kept in the dark 
(NL; beginning at t=0).  The bacterial starting inoculum was determined by plating on TSA.  Plates were 
incubated at 37°C for 14-17 hours, followed by well absorbance measurement using a plate reader. (A) 
Plates read at 16 hours.  At t=0, SA2288 = 1370±552 CFU/mL.  (B) Plates read at 15.5 hours.  At t=0, 
SA2514 = 1420±1427 CFU/mL. (C) Plates read at 17 hours.  SA3016 = 710±350 CFU/mL. 
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As 11B and 11C show, any long-term synergistic effects evident in the first four hours 

after combined treatment with blue light and either neomycin or ciprofloxacin are 

obscured by the amount of inhibition resulting from blue light alone.  11A, on the other 

hand, is powerful evidence for such an interaction between blue light and oxacillin.  

These effects of combined treatment were further analyzed for synergistic inhibition 

using Type I and III Sum of Squares SAS (see Appendix). 
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CHAPTER FOUR 
 

Discussion and Conclusions 
 

 
Combined Therapy Synergy 
 
 As elucidated in these experiments, blue light has a significant, heavily time-

dependent inhibitory effect on the growth and survival of S. aureus cultured in vitro.  

Though subject to differences of applied light dosage and bacterial starting inoculum, 

irradiation usually begins to have a discernible impact on growth by an hour after the end 

of treatment and has reached its full strength by 90 to 150 minutes after that. This can 

result in close to 100% inhibition as compared to an untreated control under ideal 

conditions.  By 16 hours, however, this pattern diverges on a strain-by-strain basis; 

SA2288 and SA2514 have regrown almost completely, while SA3016 remains largely 

inhibited.  Such strain dependence could be the result of any number of concomitant 

factors, from differential standard growth curves to ROS clearance variability. 

 Statistical analysis of the effects of both blue light irradiation and antibiotic 

treatment reveals significant inhibition of S. aureus as compared to an untreated control 

across all tested strains and antibiotics (p < 0.05).  Further, the combination of irradiation 

and antibiotic treatment leads to synergistic inhibition of bacteria, in both the short and 

long term, for all tested instances except for neomycin-treated SA2514 read at 15.5 hours.  

Although the practical effects of this synergy are difficult to discern without the aid of 

such statistics, combined treatment is clearly more effective than single-method 

modalities, generally leading to lower bacterial growth in less time over the short-term 

and complete inhibition in the long-term.  The synergistic aspects of combined treatment 
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might ultimately prove more useful in in vivo situations where experimental dosages 

become more difficult to achieve. 

 
 
Mechanistic Implications 
 
 While the promiscuous synergistic interactions observed in these experiments are 

exciting when considering future clinical applications, that same ubiquity seems to 

indicate that the original hypothesis was too simplistic.  The apparent lack of synergy 

between neomycin and blue light in the long-term notwithstanding, differential 

interactions between irradiation and antibiotics of various mechanistic classes failed to 

materialize, suggesting a mechanism for blue light that impacts a wide range of the 

microbial physiology in favor of one that targets any one pathway in particular.  Such a 

broad range of activity is consistent with the ROS generation hypothesis, a model to 

which these synergy experiments would seem to have relatively little to contribute 

beyond supporting evidence. 

 That said, the unique effects of blue light alone on the S. aureus growth curve (see 

Figure 8)—particularly the dynamic changes in this effect that we have observed over 

time and after the termination of treatment—seem to have gone unreported in the 

literature until now.  These nuances are worthy of serious investigation, as they may hold 

the key to more successful utilization of irradiative treatment in the clinical setting.  To 

this end, our lab is in the midst of several experiments that explicitly target the “shift” 

from growth to progressive inhibition in the hours after treatment.  One such experiment 

aims to collect samples of bacterial mRNA from before and after the shift to look for 

changes in gene expression brought about either as a direct response to blue light 



	   29	  

irradiation or in reaction to the ROSs that irradiation generates.  Another experiment aims 

to plot blue light treatment-generated alterations to the growth curves of a number of 

different strains of S. aureus; these changes will then be compared to each strains’ 

genetic characteristics to look for any alleles or cassettes that afford resistance to 

irradiation.  In the future, the lab plans to perform a series of experiments that will enable 

a much more complex analysis of the effects of blue light, as well as combined therapy, 

over time, eventually generating a statistical surface with possible bearing on the clinical 

timing of irradiation application.  In light of interesting microscopy studies on the 

vascularizing effects of blue light treatment on the cellular level, we also plan to obtain 

similar visualization of the effects of combined therapy (8, 38). 

The differential effect of broth that we report here is similarly unique, and in fact 

directly challenges the notion that the inhibitory effects of blue light irradiation are a 

result of porphyrins or other photosensitizing molecules endogenous to the bacteria itself.  

Indeed, recent results from our lab directly suggest an inhibitory effect inherent to the 

broth itself, with uninoculated BHI that has been “pretreated” with blue light 

demonstrating inhibition of S. aureus growth on par with that seen when bacteria are 

irradiated directly.  These results, in addition to a reduction of the inhibitory effect when 

bacteria are irradiated in the presence of an oxygen scavenger, support an ROS 

generation mechanism for blue light irradiation and indicate a significant role for native 

photosensitizers naturally present in the broth.  Further, this suggests a number of 

interesting questions when attempting to translate irradiation therapy to an in vivo or 

clinical setting, and particularly for use in the blood, a substance rich in porphyrins and 

other molecules with coordinated metal ions that light can excite. 
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Clinical Considerations 
 
 Recent in vivo experiments in mouse models of Pseudomonas aeruginosa burn 

infection have demonstrated that irradiation with visible blue light has immense potential 

as a safe and effective topical treatment for bacterial infection in the clinical setting (8).  

Our lab recently found evidence for blue light irradiation as an inhibitor of in vitro S. 

aureus biofilm formation, and another study from the literature has suggested that aPDT 

at least partially ablates P. aeruginosa biofilms grown at ventilator conditions on 

endotracheal tubes (4).  As previously mentioned, Nakonechny et al. have also reported 

in vivo success with an intracellular aPDT methodology and predict an even stronger 

effect were this technique paired with targeted liposome packaging of its molecular-level 

reactants (34).  Taken together with the synergistic interactions elucidated in this paper, 

these data speak to the vast potential of blue light irradiation as a multifaceted clinical 

intervention appropriate to a diverse range of bacterial infection profiles.  At the same 

time, however, a number of pressing questions remain with regard to the optimal role of 

blue light irradiation in the spectrum of clinical options.  These extend to even more basic 

knowledge such as efficacy in applications beyond surface treatment, long-term side 

effects in other, less inherently resilient tissue types, and interactions with other common 

interventions. 

 Two main problems threaten blue light’s potential as a non-topical treatment.  

First and foremost, light in the 470nm range utilized for these experiments does not 

penetrate the skin to any appreciable depth, precluding “non-invasive” light exposure as a 

treatment for internal or systemic infections (22, 25).  Second, investigations into the 
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prolonged effects of blue light irradiation on other tissue types such as are found in the 

blood or lung remain ongoing.  What data has been obtained is worrisome, with higher 

doses of blue light appearing to actively reduce the viability of human splenocytes in 

vitro, presumably as a result of excessive ROS generation (12).  Although this leaves 

room for blue light to be employed in highly targeted, short-term treatments, it also casts 

doubt on the suitability of light irradiation in a prolonged, preventative application.  More 

research is clearly needed to fully describe the nature of blue light irradiation’s effects on 

various tissue types, as well as their respective toxic thresholds.  In this regard, the 

synergies demonstrated in this paper could prove to be even more clinically relevant than 

anticipated, enabling lower strength, tolerable levels of irradiation without sacrificing 

inhibitory efficacy. 

 Another barrier to successful exploitation of irradiation-antibiotic synergy, 

particularly in cases in which antibiotics are not administered locally, lies in the tendency 

of antibiotics to perfuse certain tissues at different rates than others (41).  This differential 

penetration pattern results in microenvironmental antibiotic concentrations dramatically 

lower—and notably less effective—than are seen in the plasma.  The dynamic range of 

the various synergies noted in this paper has not been investigated, and it is possible that 

they are nonexistent or even detrimental to the patient when employed at the lower 

antibiotic concentrations common to these microenvironments.  On the hand, successful 

maintenance of inhibitory synergy in these poorly perfused sites would be immensely 

beneficial, as the subinhibitory doses they receive are thought to nurture potent breeding 

grounds for resistant bacterial strains (29).  Further research into the effects of irradiation-
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antibiotic synergy on the ability of these sites to potentiate antibiotic resistance is thus 

highly warranted. 

 
 
Experimental Limitations, Modifications, and Future Pursuits 
 
 Several experimental limitations and sources of error necessarily temper these 

results.  As indicated in the figure captions, there was extensive variability in bacterial 

starting inoculum; due to the small number of replicates and difficulty determining proper 

dilutions for samples, many of the individual results for repeated measure experiments 

show similar uncertainty.  In terms of treatment, small differences in time of incubation, 

time of treatment, and time of sampling undoubtedly contributed to error as well.  Some 

blue light exposures were conducted under different temperature conditions, while some 

sampling periods were conducted under different lighting conditions, both of which have 

the potential to contribute to error.  Individual LEDs in the lightbox used for blue light 

irradiation exhibited differences in light intensity, and the effect of the blue light that 

penetrates one well from surrounding wells remains unaccounted for.  Plate reader data 

was at times impacted either by excessive bacterial precipitation or by the beginnings of 

biofilm formation.  Finally, some experimental data was impacted by intermittent 

contamination of plates, likely with S. epidermidis. 

 In an attempt to ameliorate this error, future experiments intend to incorporate a 

number of protocol changes.  Lightbox LED variation has already been reduced 

somewhat, and efforts are being made to secure microtiter plates with occlusive wells that 

do not experience any light “leakage.”  Persistent agitation of wells throughout the full 

duration of irradiation should serve to standardize further the amount of light that bacteria 
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in each well are receiving.  With regard to error and variation in the determination of 

bacterial concentrations, future experiments will rely heavily on flow cytometer sorting, a 

much more accurate method overall.   

 The literature, as well as corollary experiments in our lab, speaks to a number of 

interesting variations on these experiments that could lead to additional mechanistic 

insights.  In addition to experimenting with different wavelengths of light as we have 

already done, it could be useful to observe the effects of rapid pulsation of light, both 

alone and in conjunction with antibiotic treatment (23).  Experiments in which light and 

another agent are used to treat bacteria in an established biofilm architecture have already 

been performed to great effect; a similar adaptation of the protocols utilized in this paper 

to treatment of biofilm would not only be interesting mechanistically, but would also 

bring them nearer to the conditions most often seen in vivo (23, 39).  Finally, as 

previously noted, bacteria have thus far failed to demonstrate complete resistance to 

either irradiation or aPDT (40).  Focused resistance induction trials, with and without 

antibiotics, would serve either to preclude the possibility of resistance induction during 

blue light irradiation or potentially to demonstrate the ability of combined therapy to 

prevent said induction from occurring. 

 
 
Conclusion 
 
 This study confirms the efficacy of blue light irradiation when used to inhibit and 

kill planktonic S. aureus in vitro.  The inhibitory effect changes over the course of time, 

experiencing a brief delay before sharply and abruptly decreasing bacterial concentration.  

While the mechanism underlying this effect remains poorly characterized, this study 
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indicates a profound dependence on BHI as the broth under which the bacteria are 

irradiated, an association not identified in the literature until now.  We also identify 

synergistic inhibitory interactions between blue light irradiation and various antibiotics in 

both the short and long term.  Such a broad range of synergistic relationships seems to 

lend additional support to the current model of irradiation as a treatment that generates 

reactive oxygen species, which then proceed to degrade various aspects of cellular 

physiology.  In light of several recent in vivo studies, blue light irradiation should be 

considered as a strong candidate for integration into infection prevention and treatment 

protocols in the clinical setting.  Further research is also needed to more fully describe the 

interactions described in this study, in addition to their plausibility and efficacy in vivo.  
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APPENDIX 
 

Statistical Analysis Readouts 
 
 

SA2288 Repeated Measure: 10min BL + 1µg/mL Oxacillin (Unabridged) 
 

Obs time light anti rep subject colony frac 

1 0 BL 1 A 1 160 0.00000 

2 1 BL 1 A 1 262 0.63750 

3 2 BL 1 A 1 97 -0.39375 

4 3 BL 1 A 1 56 -0.65000 

5 4 BL 1 A 1 9 -0.94375 

6 0 BL 1 B 2 160 0.00000 

7 1 BL 1 B 2 274 0.71250 

8 2 BL 1 B 2 149 -0.06875 

9 3 BL 1 B 2 63 -0.60625 

10 4 BL 1 B 2 15 -0.90625 

11 0 BL 0 A 3 160 0.00000 

12 1 BL 0 A 3 101 -0.36875 

13 2 BL 0 A 3 43 -0.73125 

14 3 BL 0 A 3 37 -0.76875 

15 4 BL 0 A 3 62 -0.61250 

16 0 BL 0 B 4 160 0.00000 

17 1 BL 0 B 4 141 -0.11875 

18 2 BL 0 B 4 108 -0.32500 

19 3 BL 0 B 4 90 -0.43750 

20 4 BL 0 B 4 210 0.31250 

21 0 NL 1 A 5 160 0.00000 

22 1 NL 1 A 5 255 0.59375 

23 2 NL 1 A 5 362 1.26250 

24 3 NL 1 A 5 421 1.63125 
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25 4 NL 1 A 5 740 3.62500 

26 0 NL 1 B 6 160 0.00000 

27 1 NL 1 B 6 255 0.59375 

28 2 NL 1 B 6 362 1.26250 

29 3 NL 1 B 6 421 1.63125 

30 4 NL 1 B 6 740 3.62500 

31 0 NL 0 A 7 160 0.00000 

32 1 NL 0 A 7 365 1.28125 

33 2 NL 0 A 7 842 4.26250 

34 3 NL 0 A 7 896 4.60000 

35 4 NL 0 A 7 134
5 

7.40625 

36 0 NL 0 B 8 160 0.00000 

37 1 NL 0 B 8 365 1.28125 

38 2 NL 0 B 8 842 4.26250 

39 3 NL 0 B 8 896 4.60000 

40 4 NL 0 B 8 1345 7.40625 

36 0 NL 0 B 8 160 0.00000 

37 1 NL 0 B 8 365 1.28125 

38 2 NL 0 B 8 842 4.26250 

39 3 NL 0 B 8 896 4.60000 

40 4 NL 0 B 8 1345 7.40625 

 
Model Information 

Data Set WORK.GREG2 

Dependent Variable frac 

Covariance Structure Compound Symmetry 

Subject Effect subject 

Estimation Method REML 

Residual Variance Method Profile 

Fixed Effects SE Method Model-Based 

Degrees of Freedom Method Between-Within 
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Class Level Information 

Class Levels Values 

time 5 0 1 2 3 4 

subject 8 1 2 3 4 5 6 7 8 

light 2 BL NL 

anti 2 0 1 

 
Dimensions 

Covariance Parameters 2 

Columns in X 14 

Columns in Z 0 

Subjects 8 

Max Obs Per Subject 5 

 
Number of Observations 

Number of Observations Read 40 

Number of Observations Used 40 

Number of Observations Not Used 0 

 
Iteration History 

Iteration Evaluations -2 Res Log Like Criterion 

0 1 127.03255988 	  

1 1 118.73003752 0.00000000 

 
Covariance Parameter 

Estimates 
Cov Parm Subject Estimate 

CS subject -0.4089 

Residual 	   2.1415 

 
Fit Statistics 

-2 Res Log Likelihood 118.7 

AIC (smaller is better) 122.7 
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AICC (smaller is better) 123.1 

BIC (smaller is better) 122.9 

 
Null Model Likelihood Ratio 

Test 

DF Chi-Square Pr > ChiSq 
1 8.30 0.0040 

 
Type 3 Tests of Fixed Effects 

	  

	  
Effect 

Num 
DF 

Den 
DF 

	  

	  
F Value 

	  

	  
Pr > F 

time 4 28 3.22 0.0272 

light 1 4 766.34 <.0001 

anti 1 4 103.30 0.0005 

light*anti 1 4 121.14 0.0004 

 
 
SA2514 Repeated Measure: 30min BL + 64µg/mL Neomycin (Abridged) 
 

Type 3 Tests of Fixed Effects 
	  

	  
Effect 

Num 
DF 

Den 
DF 

	  

	  
F Value 

	  

	  
Pr > F 

time 6 42 2.51 0.0364 

light 1 4 22.85 0.0088 

anti 1 4 25.39 0.0073 

light*anti 1 4 21.97 0.0094 
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SA3016 Repeated Measure: 10-15min BL + 8µg/mL Ciprofloxacin (Abridged) 
 

Type 3 Tests of Fixed Effects 
	  

	  
Effect 

Num 
DF 

Den 
DF 

	  

	  
F Value 

	  

	  
Pr > F 

time 4 28 3.62 0.0169 

light 1 4 68.53 0.0012 

anti 1 4 26.59 0.0067 

light*anti 1 4 24.74 0.0076 

 
 
SA2288 Plate Reader: 10min BL + 0.25µg/mL Oxacillin @ 16hrs (Unabridged) 
 

Obs light anti rep subject colony 

1 BL 0.25 A 1 0.055 

2 BL 0.25 B 2 0.049 

3 BL 0.25 C 3 0.048 

4 BL 0.25 D 4 0.048 

5 BL 0.25 E 5 0.047 

6 BL 0.25 F 6 0.048 

7 BL 0.25 H 7 0.050 

8 BL 0.25 I 8 0.050 

9 BL 0.25 J 9 0.046 

10 BL 0 A 10 0.503 

11 BL 0 B 11 0.463 

12 BL 0 C 12 0.597 

13 BL 0 D 13 0.462 

14 BL 0 E 14 0.529 

15 BL 0 F 15 0.505 

16 BL 0 H 16 0.498 

17 BL 0 I 17 0.458 

18 BL 0 J 18 0.511 

19 NL 0.25 A 19 0.107 

20 NL 0.25 B 20 0.125 
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21 NL 0.25 C 21 0.115 

22 NL 0.25 D 22 0.111 

23 NL 0.25 E 23 0.125 

24 NL 0.25 F 24 0.117 

25 NL 0.25 H 25 0.129 

26 NL 0.25 I 26 0.125 

27 NL 0.25 J 27 0.119 

28 NL 0 A 28 0.507 

29 NL 0 B 29 0.536 

30 NL 0 C 30 0.590 

31 NL 0 D 31 0.510 

32 NL 0 E 32 0.447 

33 NL 0 F 33 0.511 

34 NL 0 H 34 0.452 
 
 
 
 
 

35 NL 0 I 35 
 

0.490 

36 NL 0 J 36 0.533 

 
Class Level 
Information 

Class Levels Values 

light 2 BL NL 

anti 2 0 0.25 

 
Number of Observations Read 36 

Number of Observations Used 36 

 
Dependent Variable: Colony 
 

	  

	  
Source 

	  

	  
DF 

Sum of 
Squares 

	  

	  
Mean Square 

	  

	  
F Value 

	  

	  
Pr > F 

Model 3 1.62171089 0.54057030 562.97 <.0001 

Error 32 0.03072667 0.00096021 	   	  

Corrected Total 35 1.65243756 	   	   	  
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R-Square Coeff Var Root MSE colony Mean 
0.981405 10.50810 0.030987 0.294889 

Source DF Type I SS Mean Square F Value Pr > F 

light 1 0.01292011 0.01292011 13.46 0.0009 

anti 1 1.59938178 1.59938178 1665.66 <.0001 

light*anti 1 0.00940900 0.00940900 9.80 0.0037 

Source DF Type III SS Mean Square F Value Pr > F 

light 1 0.01292011 0.01292011 13.46 0.0009 

anti 1 1.59938178 1.59938178 1665.66 <.0001 

light*anti 1 0.00940900 0.00940900 9.80 0.0037 
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SA2514 Plate Reader: 10min BL + 32µg/mL Neomycin @ 15.5hrs (Abridged) 
 

Source DF Type I SS Mean Square F Value Pr > F 

light 1 0.01130678 0.01130678 20.28 <.0001 

anti 1 2.77111511 2.77111511 4970.61 <.0001 

light*anti 1 0.00111111 0.00111111 1.99 0.1677 

 
Source DF Type III SS Mean Square F Value Pr > F 

light 1 0.01130678 0.01130678 20.28 <.0001 

anti 1 2.77111511 2.77111511 4970.61 <.0001 

light*anti 1 0.00111111 0.00111111 1.99 0.1677 

 
 
SA3016 Plate Reader: 10min BL + 8ug/mL Ciprofloxacin @ 17hrs (Abridged) 
 

Source DF Type I SS Mean Square F Value Pr > F 

light 1 0.44957025 0.44957025 442.47 <.0001 

anti 1 0.81030003 0.81030003 797.50 <.0001 

light*anti 1 0.33814225 0.33814225 332.80 <.0001 

 
Source DF Type III SS Mean Square F Value Pr > F 

light 1 0.44957025 0.44957025 442.47 <.0001 

anti 1 0.81030003 0.81030003 797.50 <.0001 

light*anti 1 0.33814225 0.33814225 332.80 <.0001 
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