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ABSTRACT

Attachment of bacteria to surfaces and subsequent biofilm
formation remains a major cause of cross-contamination
capable of inducing both food-related illness and nosocomial
infections. Resistance to many current disinfection technolo-
gies means facilitating their removal is often difficult. The
aim of this study was to investigate the efficacy of 405 nm
light for inactivation of bacterial attached as biofilms to glass
and acrylic. Escherichia coli biofilms (10°-10®° CFU mL ')
were generated on glass and acrylic surfaces and exposed for
increasing times to 405 nm light (5-60 min) at ca
140 mW em 2. Successful inactivation of biofilms has been
demonstrated, with results highlighting complete/near-com-
plete inactivation (up to 5 log;y reduction on acrylic and 7
log,o on glass). Results also highlight that inactivation of bac-
terial biofilms could be achieved whether the biofilm was on
the upper “directly exposed” surface or “indirectly exposed”
underside surface. Statistically significant inactivation was
also shown with a range of other microorganisms associated
with biofilm formation (Staphylococcus aureus, Pseudomonas
aeruginosa and Listeria monocytogenes). Results from this
study have demonstrated significant inactivation of bacteria
ranging from monolayers to densely populated biofilms using
405 nm light, highlighting that with further development this
technology may have potential applications for biofilm decon-
tamination in food and clinical settings.

INTRODUCTION

Bacterial attachment to surfaces under the correct environmental
conditions often leads to biofilm formation. The structure of a
biofilm can range from simple monolayers to vast complex multi-
cellular structures, either of single or mixed species and can act
as a protective barrier against hostile environmental conditions
providing resistance to both physical and chemical stresses (1-4).

Biofilm formation is a well-recognized problem within food
and health-care industries, with their presence having detrimen-
tal effects on both food quality and safety, and infection con-
trol. Multiple bacterial species including Escherichia coli,
Salmonella, Staphylococcus, Listeria and Pseudomonas are all
capable of attaching and inducing biofilm formation on various
surfaces including metals, glass and plastics (5,6), allowing for
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a continuous bacterial reservoir often
contamination.

Food production premises provide an ideal environment for
biofilm formation. These, often moist, environments have a con-
tinuous supply of nutrients from various food products, as well
as vast surface areas for attachment and continuous supply of
inoculum to initiate biofilm formation (1,7,8). Their existence in
food environments is not only problematic in terms of consumer
health but also has massive financial implications in terms of
product loss, justifying the need for investment in novel disinfec-
tion technologies.

Within clinical environments formation of microbial biofilms
is a notable problem, contributing to the transmission of hospi-
tal-acquired infections. It has been suggested that the presence of
patient fluids such as blood, urine and saliva influence bacterial
adhesion and biofilm development (5). A recent study high-
lighted that the presence of Pseudomonas aeruginosa biofilms on
sink areas directly resulted in 36 patients acquiring infection of
which a 33% death rate was observed (9). Further studies have
demonstrated that biofilm formation on indwelling medical
devices and implanted prosthetics may account for up to 25% of
patient morbidity and mortality, with over one million related
infections in the United States in 2010 (10,11).

Numerous decontamination technologies have been developed
and integrated into industry to help minimize microbial contami-
nation. Methods for reducing microbial contamination such as
chemical disinfection are still heavily used, however, poor pene-
trability of chemical agents through biofilms is a major limita-
tion, allowing bacterial survival, redispersal and further
contamination (2,12,13). The continuous use of biocides, often at
sublethal concentrations, is an important factor contributing to
bacterial resistance, limiting the availability of effective disinfec-
tant agents (14). Genetic adaptations in many bacterial species
has led to the development of resistance against many chemical
cleaning agents, thereby preventing sufficient disinfection and
increasing the potential risk of pathogen transmission (14,15).
Consequently, many biocides are failing to effectively disinfect
open work surfaces, and novel methods of decontamination are
continually being sought.

Recent studies have demonstrated the bactericidal properties
of violet-blue 405 nm light against a range of both Gram-posi-
tive and Gram-negative bacterial species (16-24). Although not
as bactericidal as UV light, 405 nm light has benefits relating to
its higher safety and increased transmissibility. Photodynamic
inactivation (PDI) of bacteria by exposure to 405 nm light has

leading to further
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been attributed to the excitation of intracellular photosensitive
porphyrin molecules. Excitation of these molecules with 405 nm
light, results in the production of reactive oxygen species (ROS),
most predominately singlet oxygen, and consequently oxidative
damage and cell death (18,22).

Previous studies utilizing 405 nm light for inactivation of bac-
terial pathogens have demonstrated significant reductions in bac-
terial populations both in liquid suspension and seeded onto
solid surfaces (20,23,25). This study investigates for the first
time the significant bactericidal effect of 405 nm light on E. coli
biofilms of varying maturity, generated on glass and acrylic sur-
faces. The transmissibility of 405 nm light is demonstrated by
successful inactivation of bacterial biofilms after transmission
through the transparent glass and acrylic surfaces. Results also
highlight the effect of 405 nm light for inactivation of biofilms
of other problematic biofilm-forming bacteria including P. aeru-
ginosa, S. aureus and L. monocytogenes.

MATERIALS AND METHODS

Bacterial preparation. The bacteria used in this study were as follows: E.
coli NCTC 9001; S. aureus NCTC 4135 (obtained from National Collec-
tion of Type Cultures, Colindale, UK); L. monocytogenes LMG 19944
and P. aeruginosa LMG 9009 (obtained from the Laboratorium voor
Microbiologie, Universiteit Gent, Belgium). Bacteria were incubated in
100 mL nutrient broth (E. coli, S. aureus and P. aeruginosa) or tryptone
soya broth (L. monocytogenes), (Oxoid Ltd, UK) at 37°C for 18 h under
rotary conditions (120 rpm). Broths were then centrifuged at 3939 x g
for 10 min, and the cell pellets resuspended in 100 mL (Oxoid Ltd) and
diluted to a population density of 10" CFU mL ™" for experimental use.

Biofilm formation. Biofilms were prepared on glass and acrylic slides
(60 x 25 mm). These materials were selected for two reasons: (1) they
represent hydrophilic and hydrophobic surfaces; respectively, and (2)
their transparency allowed transmission of the 405 nm light. To prepare
biofilm samples, glass and acrylic slides were first cleaned with ethanol
to sterilize and remove grease. For development of single-species mono-
layer biofilms, for both direct and indirect exposure, slides were fully
immersed in 125 mL 10’ CFU mL~! bacterial suspension for 1 h to
facilitate initial attachment. The bacterial suspension was then discarded
and replaced with growth media (1.0 g bacteriological peptone and 0.7 g
yeast extract L™ in sterile distilled water) in which the slides were left
for a further 4 h to allow development of a monolayer biofilm (method
adapted from [1]). For development of more mature biofilms, slides were
left in the growth media for increasing time periods (24, 48, 72 h). After
biofilm development, slides were aseptically removed from the growth
media and left to dry for 10 min in sterile conditions at room temperature
prior to light exposure. For development of mixed-species biofilms, slides
were immersed in a 125 mL 10’ CFU mL™" bacterial suspension con-
taining 62.5 mL E. coli suspension and 62.5 mL S. aureus suspension
for 1 h. Slides were then placed in growth media for a further 24 h to
allow sufficient biofilm formation.

405 nm light source. An ENFIS Quattro Mini Air Cooled Light
Engine (ENFIS Ltd, UK), containing an array of 144 light emitting
diodes (LED) with a light emission of 405 nm (£5 nm), was used for
exposure of bacterial biofilms. The light engine incorporated a heat sink
and cooling fan to permit continuous ventilation and prevent overheating
of the LED array, and was powered by a 48 V power supply. For expo-
sure, biofilm sample slides were positioned directly below the LED array
at a distance of 5 cm. Irradiance from the LED array at this distance was
measured using a radiant power meter and photodiode detector (LOT
Oriel). The variation in irradiance was measured across the dimensions of
the slide, and measurements indicated greatest irradiance at the midpoint
of the slide, with a gradual decrease toward the outer edges (Fig. 1). The
average irradiance across the entire slide surface was calculated, using
OriginPro 8.1 software package, to be 141.48 mW cm 2 Test samples
were light exposed for 5-60 min, giving a range of average doses from
42 to 504 J cm 2 Control slides were set up and left on the laboratory
bench with no 405 nm illumination.

In addition to directly exposing biofilms, the potential for 405 nm
light to transmit through glass and acrylic slides and inactivate biofilms
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Figure 1. Three-dimensional model simulating the irradiance distribution
of the 405 nm light across the glass and acrylic test surfaces
(60 x 25 mm), plotted using OriginPro 8.1 software.

on the underside of slides was investigated. To do this, it was important
to determine the transmissibility of the light through these slides. This
was measured by placing the power meter detector head on the underside
of the exposed surfaces: transmission of the 405 nm light through these
materials was found to result in an approximate 4% loss in irradiance.

Swabbing and enumeration. Following light exposure, surviving bac-
teria were recovered from the slide using a sterile cotton-tipped swab
moistened in PBS. The swabbing procedure involved rolling the swab
forward and backward multiple times across the entire surface of the illu-
minated side of the slide to ensure maximum recovery of bacterial bio-
film sample (1). This protocol was kept consistent for all sample slides.
The swab was then immersed in a 10 mL volume containing 9 mL PBS
and 1 mL 3% Tween-80 suspension and vortexed for 1 min to allow
resuspension of bacteria from swab into suspension. The suspension was
serially diluted, by transfer of 1 mL volumes into 9 mL of PBS. Samples
were plated using the pour plate method, with 1 mL sample volumes
overlayed with nutrient agar (E. coli, S. aureus and P. aeruginosa) or
tryptone soya agar (L. monocytogenes): this method provided a detection
limit of 1 CFU mL™~". For enumeration of bacteria in a mixed biofilm
population, in addition to pour-plating samples in nutrient agar to obtain
the total viable counts (TVC), bacterial samples (100-500 uL) were pla-
ted onto mannitol salt agar (MSA) and violet red bile agar (VRBA),
which allowed the selective growth of S. aureus and E. coli respectively.
Plates were then incubated at 37°C for 18-24 h. Plates were enumerated
manually by counting the bacterial colony-forming units (CFU) present
on the plate. Results in figures are reported as bacterial CFU count per
milliliter (log,o CFU mL 1) as a function of time (minutes).

Statistical analysis. Experimental data are an average of a minimum
of triplicate independent experimental results, with triplicate samples
taken from each experiment. All data were analyzed using one-way
ANOVA test with Minitab 15 statistical software, where significant dif-
ference was accepted at P < 0.05. Weibull statistics (26) was used to
analyze the inactivation behavior of monolayer bacterial biofilms cultured
on glass and acrylic surfaces, methodology for this analysis is described
later.

RESULTS

Inactivation of E. coli biofilms on glass and acrylic surfaces

Results have demonstrated that E. coli biofilms on glass and
acrylic surface materials can be successfully inactivated by
405 nm light exposure. Figure 2 shows results for the inactiva-
tion of E. coli biofilms on glass. The most rapid inactivation was
observed with E. coli monolayer biofilms, with a 2.52 logjq
CFU mL™! reduction following 10 min exposure, and complete
kill (3.55 log;o CFU mL ! reduction) following 20 min exposure,



oo
T

-—---4 hour
-—-A--24 hour
-—--48 hour
-=-v---72 hour| |

(=)}
T

IS
T

[\S]
T

Mean bacterail count (Log,, CFU mL™)
f=}
T
%

Exposure Time (minutes)

Figure 2. Inactivation of Escherichia coli biofilms on glass surfaces fol-
lowing exposure to 405 nm light with an irradiance of ca 140 mW cm?,
given as a function of time. Biofilms were allowed to develop for 4, 24,
48 and 72 h before light exposure. *Indicates statistically significant dif-
ferences when compared with control samples (P < 0.05).

as shown by the 4 h trend line on Fig. 2. After 24 h in the
growth medium, bacterial biofilm populations on glass were
shown to be ca 5.7 log;o CFU mL~". Inactivation of these bio-
films occurred at a relatively linear rate, with reductions of 2.27,
4.41 and 5.7 log;o CFU mL™! following exposure to 20, 30 and
40 min respectively. Biofilms on glass developed over 48 and
72 h periods had increased cell densities, with starting popu-
lations of between 7 and 8 log;, CFU mL ™" prior to light expo-
sure. The rate of inactivation for these biofilms was very similar,
with 3-3.5 log;o CFU mL™" reductions achieved when exposed
for 20 min, and a further ca 2 log;; CFU mL~! reduction after a
further 20 min. Near-complete inactivation of the 48 h biofilms
and complete inactivation (<1 CFU mL™" surviving) of the 72 h
biofilms were achieved following 60 min exposure to 405 nm
light.

Figure 3 demonstrates the inactivation kinetics of E. coli bio-
films on acrylic. Monolayer biofilms on acrylic surfaces were
reduced by ca 0.5 log;o CFU mL ™" after 10 min exposure, signif-
icantly less (P = 0.002) than the 2.52 log,;o CFU mL ! reduction
observed on glass. After 15 min exposure, there was, however, a
3.33 log;o CFU mL™' reduction in the biofilm population on
acrylic, statistically similar to that achieved on glass at the same
time point. After 24 h of biofilm development, bacterial popula-
tions were ca 4.7 log;o CFU mL™' on acrylic slides. Biofilm
inactivation occurred at a steady and consistent rate when applied
with increasing exposure times of 405 nm light (20, 30, 40 and
60 min), resulting in reductions of 2.30, 3.07, 3.67 and
4.69 log,o CFU mL™" respectively. Development of biofilms over
a 48 h period generated a bacterial population of ca
5.1 logio CFU mL~', where near-complete inactivation was
achieved following exposure for 60 min (<1 CFU mL™"). Bacte-
rial biofilm formation on acrylic surfaces after 72 h growth period
demonstrated no significant increase in bacterial count from that
recorded after 48 h growth period (P = 0.06), therefore biofilms
grown for 72 h on acrylic were not investigated.

The population densities of all nonexposed control biofilm
samples, on both glass and acrylic, remained consistent through-
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Figure 3. Inactivation of Escherichia coli biofilms on acrylic surfaces
following exposure to 405 nm light with an irradiance of ca
140 mW cm?, given as a function of time. Biofilms were allowed to
develop for 4, 24 and 48 h before light exposure. *Indicates statistically
significant differences when compared with control samples (P < 0.05).

out, with no significant differences recorded over the duration of
the experiment, indicating that inactivation was a direct result of
405 nm light exposure. It is likely that the reason for no loss of
viability in the control populations was due to the relatively short
periods involved (up to 1 h periods) as well as the protective
effect of the biofilm structure.

It is also worth noting that no significant temperature build up
was observed on test samples during light exposure. Tempera-
tures of both glass and acrylic surfaces were measured across the
slide to give accurate representation of heat distribution across
the entire area. For each material, temperatures were measured
after maximum exposure periods using a thermocouple, which
was pressed onto the test surface. The maximum temperature
recorded was 33°C, indicating bacterial kill was not a result of
direct thermal kill or desiccation through prolonged heat
treatment.

Inactivation of E. coli monolayer biofilms through
transmissible materials

Experiments were carried out to establish whether the 405 nm
light could transmit through the glass and acrylic and inactivate
biofilms on the underside of the slides. For “indirect” biofilm
exposure, after removal from the growth medium, the upper side
of the slide was wiped clean to ensure biofilm formation was
only on the underside of the slide. The inactivation data for these
“indirectly” exposed biofilms are presented in Fig. 4ab as a
comparison to the directly exposed biofilms.

Glass microscope slides have high transmittance in the visible
light region around 400 nm. As a result, there were negligible
differences between the inactivation for both direct and indirectly
exposed biofilms on glass slides as can be seen from Fig. 4a.
There was no significant difference (P = 0.738) between the
direct and indirect log;o CFU mL™" reductions following 10 min
exposure, and complete inactivation (<1 CFU mL™~! survivors)
was achieved for both samples after 20 min exposure. Similarly,
Fig. 4b demonstrated similar inactivation curves for both direct



930 Karen McKenzie et al.

log10 S(d)

w

HTS0 100130 —

dose (J em2)

S

pcl

log10 S(d)

Mean bacterial count (log,) CFU mL™)
Mean bacterial count (log,) CFU mL™)
)

(=]
‘,
*

or 0 50 100 150 A*

dose (J em2)
[P R R R PR IR R BRI |

0 10 20 0 10 20

Time (minutes) Time (minutes)

Figure 4. Inactivation of Escherichia coli monolayer biofilms on (a)
glass and (b) acrylic, by direct (A) and indirect (0) exposure to 405 nm
light. Indirect exposure investigated transmission of the 405 nm light
through the slides to inactivate biofilms on the underside of the slides.
The average irradiance of 405 nm light across the slides was ca
140 mW cm 2, reducing by ca 4% when transmitted through the slide.
Results are given as a function of time. *Indicates a statistically signifi-
cant difference when compared with control samples (P < 0.05). No
significant difference was observed between direct and indirect inactiva-
tion on both surfaces. Weibull analytical fit lines are shown as inset
graphs and were obtained using Eq. (2).

and indirect exposure of biofilms on acrylic, with no significant
difference in the population reductions achieved with direct and
indirect exposure after 10 min (P = 0.421) and 20 min
(P = 0.507) which also indicates that the acrylic slides used in
the present work transmit well visible 405 nm light. As noted,
irradiance measurements determined that transmission of the
405 nm light through the glass and acrylic slides with monolayer
growth resulted in an approximate 4% reduction in irradiance,
however, this reduction was insufficient to cause significant dif-
ferences in the inactivation rates of the directly and indirectly
exposed biofilms on either the glass or the acrylic surfaces.

Weibull analysis

The inactivation behavior of monolayer bacterial biofilms grown
on glass and acrylic surfaces was analyzed using the Weibull sta-
tistical approach, which can help in the identification of potential
differences in inactivation mechanisms. The Weibull distribution
has been employed for the analysis of microbial inactivation
kinetics, including PDI studies (27,28), however, a study by
Schenk et al. (29) which investigates UV microbial inactivation,
states that “there is no information about the application of a
Weibullian-type model to survival curves corresponding to
microorganisms inoculated onto a solid surface.” Therefore, it
was interesting to examine the potential applicability of this sta-
tistical model to 405 nm light inactivation of biofilms cultured
on solid surfaces.

In the Weibull approach, the 405 nm light dose, D., which is
required to kill a single microorganism from an entire popula-
tion, is considered as a measure of resistance of this organism to
the light. It is also assumed that D, is Weibull distributed. The
survival rate of microorganisms which form biofilms, S(D), is
defined as the number of microorganisms surviving at a specific

405 nm light dose, N(D), divided by the initial number of micro-
organisms, Ny:

S(D) = N(D)/No (1)

In these conditions the survival rate, S(D), can be described
by the Weibull cumulative distribution function, (26) and satis-
fies the following equation:

log,,(S(D)) = —0.4343aD” (2)

where o and f§ are parameters of the Weibull distribution.

Experimental inactivation data for monolayer biofilms on
acrylic and glass surfaces exposed to direct and indirect 405 nm
light have been represented as logyy (S(D)). These experimental
date points and corresponding analytical fit lines obtained by Eq.
(2) are shown in Fig. 4a,b (inset graphs). Analytical lines show
downward concavity for the acrylic surface and upward concav-
ity for the glass surface.

Coefficient § which determines the shape of the Weibull distri-
bution has been obtained for both surfaces and both types of the
light treatment as shown in Fig. 4. For acrylic surfaces (Fig. 4a),
the shape parameter, f3, is higher than 1: f = 3 in the case of the
direct exposure and ff = 3.6 in the case of the indirect exposure.
f > 1 indicates that with an increase in 405 nm light dose, micro-
organisms in the biofilm become increasingly damaged and can
be killed at a higher rate. In the case of the glass surface
(Fig. 4b), the shape parameter is smaller than 1: f = 0.378 and
0.396 for direct and indirect exposures respectively. f < 1 means
that the rate of inactivation is higher at lower 405 nm light doses,
and this rate decreases with an increase in the light dose. Poten-
tially, such inactivation behavior may indicate that remaining
(surviving) microorganisms in the biofilm become more resistive
to the external stress (405 nm light).

Comparison of the inactivation of different bacterial
monolayer biofilms on glass surfaces

As a comparison to E. coli, the bactericidal efficacy of 405 nm
light was tested against a range of other bacterial biofilms. S.
aureus, L. monocytogenes and P. aeruginosa monolayer biofilms
attached to glass surfaces were exposed to 5, 10 and 20 min of
405 nm light to determine the comparative levels of bacterial
inactivation. Using the stipulated 4 h development period, it was
found that the initial starting populations varied considerably
between the different bacterial species, with higher populations
found for the Gram-positive species. Results in Table 1 show
that successful bactericidal effects were recorded with all the
tested biofilms. Initial exposure for 5 min, resulted in between
0.6 and 1.5 log;y CFU mL ! reductions for S. aureus, L. mono-
cytogenes and P. aeruginosa, whereas at the same time point
little change in population was observed for the E. coli biofilms.
After 10 min exposure, 405 nm light achieved a 2.4-2.5 log;o
CFU mL ™" reduction in bacterial population in both E. coli and
P. aeruginosa, compared to 1.1 and 1.9 log;o CFU mL ™" reduc-
tions in L. monocytogenes and S. aureus biofilms respectively.
Overall, the population reductions achieved following 20 min
exposure were similar between the two Gram-negative bacteria
(ca 3.6 log;n CFU mL 1), with which complete inactivation was
achieved, and between the two Gram-positive bacteria (ca
2.6 logio CFU mL ™).



Table 1. Inactivation of bacterial monolayer biofilms on glass surfaces following exposure to 405 nm light.
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Nonexposed Exposed
sample sample Log
Time Dose (mean log;q (mean log;( reduction
Bacterial species (min) (Jem™?) CFU mL™") CFU mL™") (*P < 0.05) P-values
E. coli 0 0 3.55 (£0.02) 3.55 (£0.02) 0
5 42 3.52(+0.05) 3.33(£0.05) 0.19 0.07
10 84 3.39(x0.07) 0.89(x0.58) 2.50% 0.002
20 168 3.41(+0.11) 0(£0) 3.41* 0.00
P. aeruginosa 0 0 3.58(£0.03) 3.58(£0.03) 0
5 42 3.47(£0.01) 1.97(£0.05) 1.5% 0.00
10 84 3.59(x0.05) 1.16(£0.06) 2.43% 0.00
20 168 3.72(£0) 0(£0.29) 3.72% 0.00
L. monocytogenes 0 0 4.14(£0.27) 4.14(£0.27) 0
5 42 4.10(£0.08) 3.49(£0.57) 0.61* 0.047
10 84 4.24(+0.16) 3.15(£0.08) 1.09* 0.002
20 168 4.14(£0.27) 1.66(+0.41) 2.48% 0.001
S. aureus 0 0 5.36(+0.07) 5.30(0.13) 0
5 42 5.32(£0.33) 4.75(£0.06) 0.61%* 0.004
10 84 5.89 (£0.9) 3.45(£0.33) 1.87* 0.00
20 168 5.36(+0.07) 3.14(£0.09) 2.75% 0.002

Inactivation of mixed-species biofilms

Mixed-species biofilms containing both E. coli and S. aureus
were prepared on glass slides. Confirmation of the mixed popula-
tion was obtained by microscopic view (Fig. 5) of a biofilm slide
which had been Gram-stained to visualize the presence of both
E. coli (pink rods) and S. aureus (purple cocci). Table 2 displays
results from the exposure of these mixed biofilm populations,
and also single-species complex biofilms (24 h growth period) of
E. coli and S. aureus, to 405 nm light. Results show that after a
30 min exposure period, significant inactivation was achieved in
all cases. Exposure of single-species biofilms induced a
4.37 log;o CFU mL™" reduction in E. coli and a 2.97 logo
CFU mL™" reduction in S. aureus biofilms. Successful inactiva-
tion was also observed in the case of the mixed biofilm popula-
tion, with a 2.19 log;o CFU mL™" reduction in TVC. Analysis
of the pre- and postexposure biofilm populations using VRBA
and MSA selective media demonstrated significant inactivation
of both bacterial species present in the biofilm, with ca 1.2 and
1.7 logio CFU mL™" reductions in E. coli and S. aureus, respec-
tively, being observed.

DISCUSSION

Despite the development of new antimicrobial agents and novel
sterilization and disinfection technologies, bacterial biofilms
remain a significant problem in both the food industry and clini-
cal settings. The current study has investigated, for the first time,
the bactericidal effects of 405 nm light on bacterial biofilms,
with results demonstrating successful inactivation of biofilms on
both glass and acrylic surfaces, and that the bactericidal effect
was observed with both monolayer and mature biofilm popula-
tions. Overall, results showed that successful inactivation was
achieved with all complexities of E. coli biofilms generated on
both glass and acrylic, with the general trend demonstrating that
the more densely populated the biofilm, the greater the time (and
consequently, the greater the dose) required for inactivation.

As previously discussed, bacterial biofilms can readily form
on both glass and plastic surfaces, with production of an extra-
cellular matrix in as little as 4 h (1,5,30-32). Studies have

Figure 5. Microscopic visualization of a Gram stain of a mixed-species
biofilm consisting of S. aureus and E. coli after 24 h development. Cells
were viewed under oil immersion at x 1000 magnification.

Table 2. Inactivation of E. coli, S. aureus and mixed E. coli and S. aur-
eus bacterial biofilms formed on glass surfaces over a 24 h period.
Counts are provided for total viable counts, and in the case of the mixed
biofilms, selective counts of S. aureus and E. coli have been provided
using selective media: (MSA and VRBA).

Nonexposed Exposed
biofilm biofilm Logio
Biofilm Bacterial (mean log;o (mean log;q reduction
species count CFUmL) CFUmLY)  (*P < 0.05)
E. coli TVC 5.66 1.29 4.37*
S. aureus TVC 6.31 3.34 2.97*
Mixed TVC 5.29 3.09 2.19%
MSA 4.30 2.63 1.67*
VRBA 2.29 1.10 1.19*

MSA = mannitol salt agar; TVC = total viable counts; VRBA = violet
red bile agar.
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reported stronger initial adhesion between bacteria and hydropho-
bic surfaces, such as plastics, compared with that of hydrophilic
materials, including glass, which may account for initial varia-
tions in E. coli monolayer biofilm populations. Experimental data
from this study highlighted that after 1 h, E. coli attachment to
acrylic was greater when compared with that on glass surfaces,
however, statistical analysis showed this to be insignificant
(P = 0.098). Slight variation in E. coli monolayer biofilm starting
populations, after 4 h development, (ca 0.5 log;o CFU mL™")
was observed between the glass and acrylic surfaces, which may
be an influence of bacterial interactions with surface material
properties. Despite this slight difference, investigation into the
405 nm light inactivation of E. coli monolayer biofilms on glass
and acrylic demonstrated successful results, with near-complete
bacterial inactivation observed following exposure 20 min
(approximate dose of 168 J cm™"), highlighting the susceptibility
of monolayer biofilms to 405 nm light.

In addition to monolayer biofilms, results demonstrated the
successful inactivation of more mature E. coli biofilms on both
on glass and acrylic surfaces. Population densities of these bio-
films ranged from approximately 10°~10% CFU mL™", with the
more densely populated biofilms requiring increasing exposure
periods for complete inactivation. Biofilms generated on acrylic
surfaces over a 24 h time period required increased exposure
time for complete inactivation when compared with those on
glass surfaces, despite having significantly lower starting bacte-
rial populations (ca 1.5 log;o CFU mL™" lower). This may be
an artifact of the physical adhesive properties between bacteria
and specific materials. Chmieleweski and Frank (33) reported
that although initial bacterial adherence to hydrophobic surfaces
is likely to be stronger, greater maximum bacterial adhesion is
achieved on hydrophilic surfaces, as a result of high free surface
energy, allowing for generation of denser biofilm populations
(33-35). This information correlates with data shown in this
study, with results demonstrating greater adhesion and increased
biofilm formation on hydrophilic glass surfaces, following devel-
opment of mature biofilm structures. Results highlighted that
mature biofilms developed over 24 and 48 h periods had bacte-
rial densities of ca 4.5 logio versus 6 log;o CFU mL™! and 5
log,o versus 8 logio CFU mL ™" for hydrophobic and hydrophilic
surfaces respectively.

Bacterial biofilms generated on both glass and acrylic surfaces
over 48 and 72 h appeared to have similar population densities,
suggesting that after the 48 h growth period, bacterial attachment
was maximized and had consequently plateaued. This may be
attributed to a lack of nutrients present in the growth media after
extended time periods, suggesting media must be replenished to
generate increased biofilm populations.

Successful inactivation of bacterial biofilms on the underside
of the glass and acrylic surfaces was also shown, demonstrating
the ability of the 405 nm light to transmit through these transpar-
ent materials while maintaining its antimicrobial activity. With
regards to the results of the Weibull analysis, the difference in
the inactivation behavior of ‘“young,” 4 h monolayer biofilms
could potentially be attributed to the different degree of adhesion
of microorganism to these acrylic and glass surfaces, with the
hydrophobic and hydrophilic interactions between the monolayer
biofilms and the surfaces to some extent influencing the inactiva-
tion behavior. However, mature, 24, 48 and 72 h biofilms do not
show similar tendencies. Moreover, their inactivation curves,
shown in Figs. 2 and 3, demonstrate almost linear behavior and

cannot be fitted with the Weibull curves Eq. (2). Therefore, it is
possible to conclude that with an increase in biofilm “age” (bio-
film thickness and/or number of microorganisms), the influence
of substrate material on the inactivation process becomes signifi-
cantly reduced or disappears completely.

It is necessary to note that although Eq. (2) can be used to fit
the experimental inactivation data shown in Fig. 4, it is not pos-
sible to conclude that the proposed analytical lines are incorrect
due to the limited number of experimental data points (only two
405 nm light doses have been used in the present inactivation
tests). The present work is aimed only at identification of poten-
tial differences in the inactivation behavior and does not involve
a full-scale statistical analysis which requires larger number of
experimental data points. It is planned to conduct further direct
and indirect tests using a greater number of 405 nm light doses
to validate the proposed statistical model.

A variety of methods have been used for biofilm sampling in
previous studies including sonication and swabbing (1,36-38).
Despite all being successful and well-utilized methods for recov-
ering microorganisms, each presents its own limitations. Swab-
bing is a well-recognized method for sampling bacterial
contamination within health-care and food industrial settings as
well as for recovery for bacterial biofilms in laboratory experi-
ments (1,37,38). This method was used throughout this study as
a viable and effective technique for bacterial biofilm removal
from both glass and acrylic surfaces. Regardless of all inaccura-
cies/limitations associated with swabbing for bacterial removal,
test and control samples in this study were recovered identically
using a standard swabbing technique, allowing for directly com-
parable results.

The methodology for biofilm formation used in this study was
adapted from previous work by Gibson and colleagues (1). The
possibility of including a rinsing stage prior to light exposure to
ensure all nonattached microorganisms were removed was inves-
tigated. Results demonstrated that there was no significant differ-
ence between biofilm populations on rinsed and nonrinsed slides,
for both monolayer and more mature biofilms (P > 0.08).
Rinsing of test surfaces provided conclusive evidence of biofilm
formation as weakly attached cells would have been removed
during the rinsing stage. Nonsignificant reduction in bacterial
count following rinsing suggested bacteria were protected, most
likely by the presence of an exopolysaccharide matrix which has
been shown to protect cells concealed within biofilm layers from
harsh environmental conditions such as flowing water (39).

Previous studies investigating 405 nm light exposure of bacte-
rial suspensions and bacteria seeded onto nutritious surfaces have
demonstrated its bactericidal effects (20,40). Studies have indi-
cated that inactivation of Gram-positive bacteria require less
exposure time than that of Gram-negative bacteria. Possible
explanations of this trend have been accredited to cellular struc-
ture, where penetration of light through more structurally com-
plex cells is reduced (41), and variation in the levels of different
intracellular porphyrin molecules (40,42). Previous studies have
identified numerous porphyrin molecules involved in the photo-
dynamic inactivation of bacteria. A recent study by Dai er al.
(43) highlighted the presence of both coproporphyrin and
uroporphyrin in P. aeruginosa. Similarly, photoinactivation
studies have demonstrated the presence of coproporphyrin in
S. aureus and protoporphyrin in E. coli, whereas a range of
various porphyrin molecules have been associated with L. mono-
cytogenes (43-45).



Looking at the results of this study for the inactivation of the
four different bacterial species, it can be seen that successful
inactivation was achieved with all organisms, with approximate
log;o CFU mL™" reductions of 3.6 and 2.6 for Gram-negative
and Gram-positive biofilm populations respectively. It is, how-
ever, difficult in the current study to directly compare the effi-
cacy of 405 nm light for the inactivation of the different
bacterial species due to the differences in starting populations
observed within the monolayer biofilms. The methodology for
preparing the biofilms was kept consistent for the different bacte-
rial species, and this method resulted in the generation of varying
populations, possibly reflecting differences in propensity for
attachment and/or the rate of multiplication of the attached popu-
lations. Variance in bacterial inactivation between the Gram-posi-
tive and Gram-negative species (Tables 1 and 2) may have been
a direct effect of the increased adherence of the Gram-positive
cells causing increased starting populations, and consequently
requiring a greater exposure for complete inactivation, compared
with the lower populated Gram-negative biofilms. However,
recent data published by Murdoch ez al. (20) showed that even
at similar starting populations, Gram-negative Salmonella enterica
was inactivated 30% more effectively than Gram-positive
L. monocytogenes when exposed to 405 nm light while seeded
onto plastic surfaces (20).

In addition to investigating single-species biofilms, initial tests
were carried out to assess the antimicrobial activity of 405 nm
light against mixed-species biofilms. After a 24 h growth period,
the population of mixed-species biofilm was lower than the pop-
ulations achieved when compared with the single-species bio-
films of E. coli and S. aureus. Analysis of mixed biofilm
populations using VRBA and MSA selective media highlighted
that although the total population was ca 5 log;o CFU mL™", it
was found that the ratio between S. aureus and E. coli was
uneven, with S. aureus being the dominant colonizer (data
shown in Table 2). This is likely a direct result of interactions
between the bacterial species and competition for attachment.
When these mixed biofilms were exposed to 405 nm light,
successful inactivation was achieved, with a 2.2 log;o reduction
in total population demonstrated. Use of selective media also
allowed assessment of the specific populations of E. coli and
S. aureus within the mixed biofilm. VRBA and MSA were cho-
sen for this purpose as they facilitated the selective isolation of
E. coli and S. aureus, respectively, and importantly, these bacte-
ria also act as negative controls when used on the alternative
media (46). Results demonstrated that S. aureus was the predom-
inant organism to colonize the biofilm, however, successful inac-
tivation of both bacterial species was achieved, with significant
reductions achieved in the case of both species. Microscopic
examination of the mixed biofilm (Fig. 5) highlighted that bio-
film distribution was not linear across the entire surface area, but
instead displayed many large cellular communities with individ-
ual cells dispersed randomly between. Interestingly, it was also
noted that attachment of S. aureus was largely present on top of
previously colonized E. coli populations, suggesting that E. coli
may act as a primary colonizer during biofilm formation, high-
lighting possible roles of cellular interactions during biofilm
formation.

As discussed, the antimicrobial activity of 405 nm light can
be attributed to excitation of porphyrin molecules within the cell,
leading to production of ROS and oxidative cellular damage
(18,22). Recent studies have suggested that oxidative damage
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may directly affect cellular membranes, resulting in reduced
membrane stability (47). Interference with the cell membrane
and its components may consequently reduce biofilm stability,
leading to biofilm degradation through bacterial inability to
remain attached to surfaces. It may also be plausible that follow-
ing 405 nm light exposure, alterations in structural membrane
components may possibly prevent cellular attachment and thus
prevent biofilm formation. Although this study simply investi-
gated the effects of 405 nm light on the viability of bacterial bio-
films once attached to glass and acrylic surfaces, it would be of
great interest to investigate the degradative properties of 405 nm
light on bacterial biofilms as well as investigating the specific
effects of 405 nm light on cellular adhesion. A previous study
by Mussi et al. (48) investigated the use of longer blue-light
wavelengths for inhibition of biofilm formation. Studies have
shown many bacteria possess blue-light receptors, capable of
causing photoregulated behavior upon exposure to blue light,
and it has been suggested that direct interactions between blue
light and subsequent receptors may have inhibitive properties
relating to biofilm formation (24,48). However, Mussi and col-
leagues stated that the effect of light on biofilm formation was
inconclusive; highlighting that further work is required to iden-
tify any relationship between blue light, blue-light receptors and
biofilm formation.

The light irradiance produced by LED array used in this study
has a Gaussian distribution, as with many LED-based light sys-
tems (49). Highest irradiance is found directly below the center
of the LED array distributing gradually toward the outer edges.
Irradiance over the entire test slide was measured (as shown in
Fig. 1) and the average irradiance was calculated. Although there
was a large difference in the measured irradiance at the center
and the outer edges of the slide, the fact that (1) complete inacti-
vation of the biofilm populations could be achieved and (2)
swabs were used to recover bacteria from the entire slide not just
the center point demonstrated that the inactivation effect was
achieved across the entire slide, regardless of the nonuniformity
of the light exposure. Although average doses could be calcu-
lated, due to the nonuniformity of the irradiance, results
(Figs. 2-4) have been expressed as a function of exposure time.
Previous work (25) has shown that 405 nm light microbial inac-
tivation is dose dependent, therefore, due to dose being the prod-
uct of irradiance x exposure time, the inactivation rates of these
biofilms will be increased if an increased irradiance of light is
used for exposure.

The use of light for biofilm decontamination has been exten-
sively investigated, with particular focus on UV light due to its
highly bactericidal properties (8,50). Evidence has suggested that
UV-C radiation is largely absorbed by organic materials, such as
biofilms, resulting in poor penetration of light and insufficient
decontamination (50,51). Short wavelengths in the UV spectrum
(200280 nm) present poor penetrability, when compared with
that of the visible spectrum. Data shown in Fig. 4 highlight the
penetrability of 405 nm light, where both direct and indirect expo-
sure of biofilm on glass and acrylic surfaces to 405 nm light
produced almost identical inactivation curves. Detrimental proper-
ties associated with the use of UV light are also well recognized,
greatly limiting its use for open surface decontamination. With
regards to human safety, human exposure to UV radiation is lim-
ited due to the associated risk with development of skin and eye
cancer (51). Polymer degradation is a further limitation of UV
light, imposing financial restraints for continuous repair and
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replacement of degraded machinery and equipment (52). The
safety and operational benefits of 405 nm violet-blue visible light
make it suitable for development for both food-related and
biomedical decontamination applications for both biofilm and gen-
eral disinfection purposes. Previous studies have demonstrated the
efficacy of 405 nm light for general environmental disinfection
(53), but potential uses of violet-blue light also include disinfec-
tion of medical devices, and wound decontamination, with a recent
study by Dai et al. (43) demonstrating the application of blue light
for disinfection of P. aeruginosa infected burns in mice with no
significant damage noted in skin cells.

In summary, this study has demonstrated for the first time the
use of 405 nm light for the inactivation of bacterial biofilms.
Biofilms of varying maturity and also of varying bacterial species
have been shown to be susceptible to inactivation, demonstrating
the ability of the 405 nm light to inactivate even densely popu-
lated biofilm communities. The ability to inactivate bacterial bio-
films present on inert surfaces using 405 nm light is of great
significance, and the penetrability of 405 nm light through trans-
parent materials highlights further advantages of this bactericidal
light, and demonstrates the potential for development of technol-
ogies using 405 nm light for practical decontamination applica-
tions within both the food industry and health-care settings.

Acknowledgements—K.M. wishes to thank The Engineering and Physical
Sciences Research Council for their funding support through a Doctoral
Training Grant (awarded in 2010). All authors would like to thank The
Robertson Trust for their funding support.

REFERENCES

1. Gibson, H., J. H. Taylor, K. E. Hall and J. T. Holah (1999) Effec-
tiveness of cleaning techniques used in the food industry in terms of
the removal of bacterial biofilms. J. Appl. Microbiol. 87, 41-48.

2. Stewart, P. S. and J. W. Costerton (2001) Antibiotic resistance of
bacterial biofilm. Lancet 358, 135-138.

3. Moorthy, S. and P. I. Watnick (2004) Genetic evidence that the Vib-
rio cholerae monolayer is a distinct stage in biofilm development.
Mol. Microbiol. 52, 573-587.

4. Stoodley, P., S. Wilson, L. Hall-Stoodley, J. D. Boyle, H. M. Lap-
pin-Scott and J. W. Costerton (2001) Growth and detachment of cell
clusters from mature mixed species biofilms. J. Appl. Environ.
Micro. 12, 5608-5613.

5. Donlan, M. R. (2002) Biofilms: Microbial life on surfaces. Emerg.
Infect. Dis. 8, 881-890.

6. Kramer, A., I. Schwebke and G. Kampf (2006) How long do noso-
comial pathogens persist on inanimate surfaces? A systematic review
BMC Infect. Dis. 6, 130.

7. Nathanon, T. (2003) Biofilms and the food industry. Scietific Com-
mons 25, 807-815.

8. Li, Y. (2011) Biofilms and safety design criteria for food equip-
ment’s. J. Adv. Mater. 203, 2731-2736.

9. Hota, S., Z. Hirji, K. Stockton, C. Lemieux, H. Dedier, G. Wolfaardt
and M. A. Gardam (2009) Outbreak of multidrug resistant Pseudo-
maonas aeruginosa colonization and infection secondary to imperfect
intensive care unit room design. Infect. Control Hosp. Epidemiol. 30,
25-33.

10. Prakash, B., B. Veeregowda and G. Krishnappa (2003) Biofilms: A
survival strategy of bacteria. Curr. Sci. 85, 1299-1307.

11. Pflumm, M. (2011) Caught on film. Nature Med. 17, 650—653.

12. Agostinho, A. M., A. Hartman, C. Lipp, A. E. Parker, P. S. Stewart
and G. A. James (2011) An in vitro model for the growth and
analysis of chronic wound MRSA biofilm. J. Appl. Microbiol. 111,
1275-1282.

13. Otto, C., S. Zahn, F. Rost, P. Zahn, D. Jaros and H. Rohm (2011)
Physical methods for cleaning and disinfection of surfaces. Food
Eng. Rev. 64, 367-372.

14.

15.

16.

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Patel, R. (2005) Biofilms and antimicrobial resistance. Clin. Orthop.
Rel. Res. NA, 41-47.

Burmglle, M. J., S. Webb, D. Rao, L. H. Hansen, S. J. S¢rensen and
S. Kjelleberg (2006) Enhanced biofilm formation and increased resis-
tance to antimicrobial agents and bacterial invasion are caused by
synergistic interactions in multispecies biofilm. J. Appl. Environ.
Microbiol. 72, 3916-3923.

Enwemeka, C. S., D. Williams, S. Hollosi, D. Yens and S. K.
Enwemeka (2008) Visible 405 nm SLD photo destroys methicillin-
resistant Staphylococcus aureus (MRSA) in vitro. Lasers Surg. Med.
40, 734-737.

Maclean, M., S. J. MacGregor, J. G. Anderson and G. A. Woolsey
(2008) High-intensity narrow-spectrum light inactivation and wave-
length sensitivity of Staphylococcus aureus. FEMS Microbiol. Lett.
282, 227-232.

Maclean, M., S. J. MacGregor, J. G. Anderson and G. A. Woolsey
(2008) The role of oxygen in the visible light inactivation and wave-
length sensitivity of Staphylococcus aureus. J. Photochem. Photo-
biol. 92, 180-184.

Enwemeka, C. S., D. Williams, S. Hollosi, D. Yens and S. K.
Enwemeka (2009) Blue 470 nm light kills methicillin-resistant
Staphylococcus aureus (MRSA) in vitro. Photomed. Laser Surg. 27,
221-226.

Murdoch, L. E., M. Maclean, E. Endarko, S. J. MacGregor and
J. G. Anderson (2012) Bactericidal effects of 405 nm light exposure
demonstrated by inactivation of Escherichia, Salmonella, Shigella,
Listeria and Mycobacterium species in liquid suspensions and on
exposed surfaces. Sci. World J. 54, 1-8.

Maclean, M., L. E. Murdoch, S. J. MacGregor and J. G. Anderson
(2013) Sporicidal effects of 405 nm visible light on endospore form-
ing bacteria. J. Photochem. Photobio. 89, 120-126.

Hamblin, M. R. and T. Hasan (2004) Photodynamic therapy: A new
antimicrobial approach to infectious disease? Photochem. Photobiol.
Sci. 5, 436-450.

. Murdoch, L. E., M. Maclean, S. J. MacGregor and J. G. Anderson

(2010) Inactivation of Campylobacter jejuni by exposure to high
intensity 405 nm visible light. Foodborne Pathog. Dis. 7, 1211—
1216.

Dai, T., A. Gupta, C. K. Murray, M. S. Vrahas, G. P. Tegos and M.
R. Hamblin (2012) Blue light for infectious diseases: Propionibacte-
rium acnes, Helicobacter pylori and beyond? Drug Resist. Updat 15,
223-236.

Endarko, E., M. Maclean, 1. V. Timoshkin, S. J. MacGregor and
J. G. Anderson (2012) High intensity 405 nm light inactivation of
Listeria monocytogenes. J. Photochem. Photobiol. 40, 734-737.
Milton, J. S. and J. C. Arnold (1995) Introduction to Probability
and Statistics. McGraw-Hill, New York.

Van Boekel, M. (2002) On the use of the Weibull model to describe
thermal inactivation of microbial vegetative cells. Int. J. Food Micro-
biol. 74, 139-159.

Luksiene, Z., R. Kokstaite, P. Katauskis and V. Skakaukas (In Press)
Novel approach for effective and uniform inactivation of gram-posi-
tive Listeria monocytogenes and gram-negative Salmonella enterica
by photosensitization. Food. Technol. Biotechnol.

Schenk, M., S. Guerrero and S. Alzamora (2008) Response of some
microorganisms to ultraviolet treatment on fresh-cut pear. Food Bio-
pro. Technol. 1, 384-392.

Habimana, O., M. Mayrand, T. Meylheuc, S. Kulakaukas and
R. Braindet (2009) Genetic features of resistant biofilms determine
attachment of Listeria monocytogenes. J. Appl. Environ. Microbiol.
75, 7814-7821.

Koseoglu, H., G. Aslan, N. Esen, B. H. Sen and H. Coban (2006)
Ultrastructural stages of biofilm development of Escherichia coli on
urethral catheters and effects of antibiotics on biofilm formation.
Urology 68, 942-946.

Shanks, R. M. Q., N. P. Donegan, M. L. Graber, S. E. Buckingham,
M. E. Zeans, A. L. Cheung and G. A. O’Toole (2005) Heparin stim-
ulates Staphylococcus aureus biofilm formation. J. Infec. Immun. 73,
4596-4606.

Chemleiewski, R. and J. Frank (2003) Biofilm formation and con-
trol in food processing facilities. Compr. Rev. Food Sci.Food Saf. 2,
22-32.

Hyde, F., M. Alberg and K. Smith (1997) Comparison of fluorinated
polymers against stainless steel, glass and propylene in microbial



35.

36.

37.

38.

39.

40.

41.

42.

43.

biofilm adherence and removal. J. Ind. Microbiol. Biotechnol. 19,
142-149.

Blackman, I. C. and J. Frank (1996) Growth of Listeria monocytoge-
nes as a biofilm on various food processing surfaces. J. Food
Protect. 59, 827-831.

Schaule, G., T. Griebe and H. Fleming (2000) Steps in biofilm sam-
pling and characterisation in biofouling case. In Investigative Meth-
ods and Applications, (Edited by H. C. Fleming, H. C. Szewsyk and
T. Griebe), pp. 1-18. Technomic Publishing Company Inc, Lancas-
ter, PA.

Gibbert, Y., M. Veillette and C. Duchaine (2010) Airborne bacteria
and antibiotic resistance genes in hospital rooms. J. Aerobio 26,
185-194.

Patted, S. M., S. Chinagudi, V. R. Soragavi and S. B. Bhavi (2013)
The prevalence of MRSA infection in orthopaedic surgery in a medi-
cal college hospital: A 2-year analysis. Biomed. Res. 24, 33-35.
Scwartz, T., W. Kohnen, B. Jansen and U. Obst (2003) Detection of
antibiotic resistant bacteria and their resistance genes in waste water,
surface water and drinking water biofilms. FEMS Microbiol. Ecol.
43, 325-335.

Maclean, M., S. J. MacGregor, J. G. Anderson and G. A. Woolsey
(2009) Inactivation of bacterial pathogens following exposure to light
from a 405-nanometre light-emitting diode array. J. Appl. Environ.
Microbiol. 75, 1932-1937.

Demidova, T. N. and M. R. Hamblin (2005) Effect of cell-photosen-
sitizer binding and cell density on microbial photoinactivation. Anti-
microb. Agents Chemother., 49, 2329-2335.

Guffey, J. S. and J. Wilborn (2006) In vitro bactericidal effects of
405 nm and 470 nm blue light. Photomed. Laser Surg. 24, 684—688.
Dai, T., G. Asheesh, Y. Haung, R. Yin, K. C. Murray, M. S. Vrahas,
M. Sherwood, G. P. Tegos and M. R. Hamblin (2012) Blue light
rescues mice from potentially fatal Pseudamonas aeruginosa infec-
tion: Efficacy, safety and mechanism of action. Antimicrob. Agents
Chemother. 57, 1238-1245.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

Photochemistry and Photobiology, 2013, 89 935

Nitzan, Y. and M. Kauffman (1999) Endogenous porphyrin produc-
tion in bacteria by aminolaevulinic acid and subsequent bacterial
photoeradication. Laser. Med. Sci. 14, 269-277.

Buchovec, 1., E. Paskeviciute and Z. Luksiene (2010) Photoinactiva-
tion of food pathogen Listeria monocytogenes. Food Technol. 48,
207-213.

Bridson, E. Y. (1998) The Oxoid Mannual 8th edn. Oxoid Limited,
Hampshire, UK.

Wasson, J. W., J. L. Zourelias, N. A. Aardsma, J. T. Eells, M. T.
Ganger, J. M. Schober and T. A. Skwor (2012) Inhibitory effects of
405 nm irradiation on Chlamydia trachomatis growth and character-
ization of the ensuing inflammatory response in HeLa cells. BMC
Microbiol. 12, 1471-2180.

Mussi, M. A., J. A. Gaddy, M. Cabruja, B. A. Arivett, A. M. Viale,
R. Rasia and L. A. Actis (2010) The opportunistic human pathogen
Acinetobacter baumannii senses and responds to light. J. Bacteriol.
192, 6336-6345.

Moreno, I. and C. Sun (2008) Modelling the radiation pattern of
LEDs. Opt. Express 16, 1808—1819.

Andersen, B. M., H. Banrud, E. Bge, O. Bjordal and F. Drangsholt
(2006) Comparison of UVC light and chemicals for disinfection of
surfaces in hospital isolation units. Infect. Control Hosp. Epidemiol.
27, 729-734.

Matsumura, Y. and H. N. Ananthaswamy (2004) Toxic effects of
ultra violet radiation on the skin. Toxicol. Appl. Pharmacol. 195,
298-308.

Zhao, X., Z. Li, Y. Chen, L. Shi and Y. Zhu (2007) Solid phase
photocatalytic degradation of polyethene plastic under UV and solar
light irradiation. J. Mol. Catal. 268, 101-106.

Maclean, M., S. J. MacGregor, J. A. Anderson, G. A. Woolsey, J. E.
Coia, K. Hamilton, I. Taggert, S. B. Watson, B. Thakker and
G. Gettinby (2010) Environmental decontamination of hospital isola-
tion rooms using high intensity narrow spectrum light. J. Hosp. Inf.
76, 247-251.



