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Abstract

Background: Antimicrobial violet-blue light in the region of 405 nm is emerging as an alternative technology for
hospital decontamination and clinical treatment. The mechanism of action is the excitation of endogenous
porphyrins within exposed microorganisms, resulting in ROS generation, oxidative damage and cell death. Although
resistance to 405 nm light is not thought likely, little evidence has been published to support this. This study was
designed to establish if there is potential for tolerance development, using the nosocomial pathogen
Staphylococcus aureus as the model organism.

Methods: The first stage of this study investigated the potential for S. aureus to develop tolerance to high-intensity
405 nm light if pre-cultured in low-level stress violet-blue light (1 mW/cm?) conditions. Secondly, the potential for
tolerance development in bacteria subjected to repeated sub-lethal exposure was compared by carrying out

15 cycles of exposure to high-intensity 405 nm light, using a sub-lethal dose of 108 J/cm?. Inactivation kinetics and
antibiotic susceptibility were also compared.

Results: When cultured in low-level violet-blue light conditions, S. aureus required a greater dose of high-intensity
405 nm light for complete inactivation, however this did not increase with multiple (3) low-stress cultivations.
Repeated sub-lethal exposures indicated no evidence of bacterial tolerance to 405 nm light. After 15 sub-lethal
exposures 1.2 and 1.4 log;o reductions were achieved for MSSA and MRSA respectively, which were not significantly
different to the initial 1.3 log;o reductions achieved (P = 0.242 & 0.116, respectively). Antibiotic susceptibility was
unaffected, with the maximum change in zone of inhibition being + 2 mm.

Conclusions: Repeated sub-lethal exposure of non-proliferating S. aureus populations did not affect the
susceptibility of the organism to 405 nm light, nor to antibiotics. Culture in low-level violet-blue light prior to

405 nm light exposure may increase oxidative stress responses in S. aureus, however, inactivation still occurs and
results demonstrate that this is unlikely to be a selective process. These results demonstrate that tolerance from
repeated exposure is unlikely to occur, and further supports the potential development of 405 nm light for clinical
decontamination and treatment applications.

Keywords: 405 nm light, Bacterial tolerance, Bacterial resistance, Staphylococcus aureus, EMRSA-15

* Correspondence: rachaeltomb.2013@uni.strath.ac.uk

'The Robertson Trust Laboratory for Electronic Sterilisation Technologies
(ROLEST), Department of Electronic & Electrical Engineering, University of
Strathclyde, Glasgow, UK

Full list of author information is available at the end of the article

- © The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
() B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(httpy//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13756-017-0261-5&domain=pdf
mailto:rachael.tomb.2013@uni.strath.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Tomb et al. Antimicrobial Resistance and Infection Control (2017) 6:100

Background

There is global concern surrounding antibiotic resistant
organisms, such as methicillin-resistant Staphylococcus
aureus (MRSA). These organisms negatively impact on
healthcare systems by causing infections which are
harder to treat due to reduced antibiotic choices, result-
ing in longer hospital stays and increased mortality of
patients [1]. To reduce transmission of these pathogenic
organisms, new technologies are being developed to aid
environmental decontamination and clinical treatment.

One such antimicrobial technology is 405 nm light.
Violet-blue light in this region photo-excites intracellular
porphyrins within microorganisms, producing a range of
reactive oxygen species (ROS) which cause oxidative dam-
age and cell death [2—4]. Although less germicidal than
ultraviolet (UV) light, 405 nm light has broad-spectrum
antimicrobial action against Gram positive and negative
bacteria, bacterial biofilms, endospores, yeasts, fungi and
in some circumstances viruses [5—11]. When used at ap-
propriate irradiances, these wavelengths of visible light
can also exert antimicrobial effects whilst being non-
detrimental to mammalian cells [12—14], giving it oper-
ational advantages over UV-light for applications such as
continuous decontamination of occupied environments
[15-18] and wound decontamination [12]. Additionally, it
has recently been reported that 405 nm light can also have
a synergistic antimicrobial effect with common chlori-
nated disinfectants, providing further support for its bene-
ficial use for environmental decontamination [19].

Although 405 nm light has extensive antimicrobial ac-
tion and safety advantages, little is known about the po-
tential for the development of bacterial resistance or
tolerance to violet-blue 405 nm light inactivation. It is
hypothesised that tolerance is unlikely due to the mechan-
ism of inactivation [13, 17, 20]. Similar to that of photo-
dynamic inactivation (PDI), which makes use of an
additional photosensitizer, the mechanism of inactivation
is thought to be non-selective, as the ROS and 102 pro-
duced cause unspecific damage to a wide spectrum of tar-
gets within bacterial cells [13, 17, 20, 21]. Nevertheless
there is little evidence available to support this hypothesis.
Several studies have investigated tolerance formation fol-
lowing repeated PDI in a range of microorganisms includ-
ing methicillin-sensitive and methicillin-resistant S.
aureus, Escherichia coli, Pseudomonas aeruginosa, Peptos-
treptococcus micros, Actinobacillus actinomycetes and Vib-
rio fischeri, in which none of the aforementioned species
were found to become tolerant [21-25]. However little is
known about the potential for bacterial tolerance develop-
ment to antimicrobial 405 nm light alone.

This study was carried out to determine if there is po-
tential for tolerance development in exposed organisms,
using the nosocomial pathogen S. aureus as the model or-
ganism. The first stage of the study assessed whether pre-
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culture in low-level light-stress conditions would subse-
quently affect the susceptibility of the organism to 405 nm
light inactivation and increase tolerance. Secondly, the
study investigated the effect of repeated sub-lethal expos-
ure to high-intensity 405 nm light on methicillin-sensitive
and methicillin-resistant S. aureus, with the number of
sub-lethal exposures being extended past those carried
out in previously published studies [20, 26, 27]. To further
investigate the likelihood of tolerance, the inactivation kin-
etics and antibiotic susceptibility of survivors after sub-
lethal exposure were analysed and compared. The results
provide novel fundamental evidence to support the hy-
pothesis that tolerance following repeated exposure to
405 nm light is unlikely in both proliferating and non-
proliferating bacteria.

Methods

Microorganisms

Two strains of Staphylococcus aureus were used in this
study, methicillin-sensitive S. aureus NCTC 4135 (Na-
tional Collection of Type Cultures, Collindale, UK) and
epidemic methicillin-resistant S. aureus-15 (EMRSA-15)
(Scottish Reference Laboratory, Glasgow, UK), which are
referred to as MSSA and MRSA throughout the study.

Determining potential for tolerance development when
cultured under different lighting conditions

Cultivation in different lighting conditions

MSSA was inoculated in 100 ml nutrient broth (NB; Oxoid,
UK) and cultivated under different lighting conditions: (i)
complete darkness (flasks wrapped in aluminium foil); (ii)
normal laboratory fluorescent lighting, approximately 200
Lux (measured using a Light Level Meter; Labfacility, UK);
and (iii) 3 levels of low-intensity 405 nm light: 0.15, 0.5 &
1 mW/cm? (measured using a radiant power meter and
photodiode detector (LOT Oriel, USA)). The light source
used was a low-power matrix of 9-light emitting diode ar-
rays (LED) (GE Illumination, USA) with a peak wavelength
in the region of 405 nm and a full width at half maximum
(FWHM) of approximately 18 nm (Fig. 1). Arrays were ar-
ranged in a 3 x 3 grid pattern on a heat sink (for heat dissi-
pation), and powered by a variable DC power supply
(Velleman, Belgium). The light source and power supply
were placed in the 37 °C incubator, 30 cm from the cultiva-
tion flask, and allowed to stabilise before setting the irradi-
ance; this ensured that the current would not fluctuate
during temperature increase. Utilising this light source en-
abled low level illumination of a large surface area (culture
flask) during bacterial cultivation. Bacteria were cultured in
these lighting conditions under rotary incubation (120 rpm)
at 37 °C for 18-24 h. The broths were then centrifuged at
3939xg for 10 min and the pellets re-suspended in 100 ml
phosphate buffer saline (PBS; Oxoid, UK). Bacterial suspen-
sions were then diluted in PBS to an experimental starting
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Fig. 1 Optical emission spectrum of the 9-LED and 24-LED 405 nm

arrays. Measured using an HR4000 spectrometer (Ocean Optics,
Germany) and Spectra Suite software version 2.0.151

population of 1-2 x 10° CFU/ml for exposure to high-
irradiance 405 nm light.

Exposure to high-irradiance 405 nm light following cultivation
under different lighting conditions

Following cultivation in the different lighting conditions,
the bacteria where exposed to high-irradiance 405 nm
light to establish if their susceptibility to 405 nm light
had been affected. The high-power light source used for
exposure was a 24-LED array (PhotonStar Technologies,
UK) with peak wavelength in the region of 405 nm and
19 nm FWHM (Fig. 1). The source was connected to a
heat sink and cooling fan for heat dissipation, and was
powered by a 40 V Xitanium LED Driver (Phillips,
Netherlands). This light source provided high-intensity
illumination over a small surface area, ideal for exposure
of samples in 6-well plates.

The array was held in a PVC housing approximately
6 cm above the surface of the bacterial samples. Five
millileters bacterial samples were exposed to 405 nm
light at an irradiance of 60 mW/cm?, with sample plates
positioned on a magnetic stirring plate to permit con-
stant agitation. Control plates were held under identical
conditions however only subjected to normal laboratory
lighting. Samples were exposed to increasing doses of
light, with dose (J/cm?) calculated as irradiance (W/
cm?) x exposure time (s). During exposure, samples
were taken at 15 min intervals and plated onto nutrient
agar (NA; Oxoid, UK). Plates were incubated at 37 °C
for 24 h and then enumerated, with results reported as
colony forming units per millilitre (CFU/ml) as a func-
tion of dose (J/cm?).

Investigating the minimum inhibitory concentration of H,0,
To investigate if there were any intracellular changes in
catalase production following growth in low-level violet-
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blue light, a minimum inhibitory concentration (MIC)
assay of hydrogen peroxide (H,O,) was performed. This
was based upon methodology used by Lipovsky et al.
[28]. Briefly, following 4—5 h of cultivation in fluorescent
laboratory lighting, complete darkness or 1 mW/cm?
405 nm light, 100 pl of MSSA (10° CFU/ml) was added
to two-fold dilutions of H,O, in NB. The H,O, dilutions
were then incubated at 37 °C for 24 h and the MIC iden-
tified as the lowest concentration of H,O5 which caused
visible inhibition of bacterial growth.

Carotenoid (Staphyloxanthin) extraction

To investigate if carotenoid pigments protected S. aur-
eus against singlet oxygen stress during growth in low-
level violet-blue light, carotenoid content was measured.
Carotenoid extraction was adapted from that used by
Bartolomeu et al. [25]. MSSA was cultured in fluores-
cent laboratory lighting, complete darkness or 1 mW/
cm” 405 nm light for 24 h. After cultivation the cultures
were washed thrice in sterile H,O, re-suspended in 5 ml
99.9% methanol, and incubated in a 55 °C water bath for
15 mins until the cells had been bleached. Following ex-
traction, the samples were centrifuged at 8000xg for
10 min. The supernatant was removed and re-
centrifuged at 10,000xg for 15 mins to ensure removal
of any residual biomass. The carotenoid content was
then measured by recording the absorbance at 465 nm
in a quartz cuvette, using a Biomate 5 Spectrophotom-
eter (Thermo Fischer Scientific, UK).

Determining potential for tolerance development
following repeated sub-lethal exposure to high-intensity
405 nm light

Repeated sub-lethal exposure

MSSA and MRSA were inoculated, in triplicate, in 100 ml
NB, and cultivated at 37 °C for 18—24 h under rotary con-
ditions (120 rpm) in the dark. Cultures were re-suspended
in PBS and diluted to a 10> CFU/ml population. Bacterial
samples were then exposed to 405 nm light at a dose of
108 J/cm® (60 mW/cm? for 30 min) using the high-
intensity 24-LED array (as described in earlier section ‘Ex-
posure to High-Irradiance 405 nm Light Following Culti-
vation under Different Lighting Conditions’).

Following exposure, samples were plated onto NA
and incubated at 37 °C for 24 h. Surviving colonies
were enumerated and termed as survivors from ‘Run
1’. Surviving colonies from ‘Run 1’ were then used to
inoculate NB, in triplicate, and the above process of
exposure-subculture-exposure was repeated until 15
sub-lethal exposures had occurred (Fig. 2). Survivors
from each run were tested using Staphaurex Plus
Latex Agglutination (Thermo Fischer Scientific, UK)
and Penicillin Binding Protein (PBP2’) Latex (Oxoid,
UK) to ensure no contamination had occurred. This
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Fig. 2 Flow diagram of the experimental procedure used during repeated sub-lethal 405 nm light exposure. Methicillin-sensitive Staphylococcus
aureus (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA) were exposed to 15 cycles of a dose of 108 J/cm?, at an irradiance

was based on the principle that if the Staphaurex test
gave a negative result, then this would indicate that
the surviving isolate was not the test organism and
that contamination by a rogue organism had oc-
curred. If however, the isolate gave a positive Sta-
phaurex result but a negative PBP2’ result, then this
would indicate that the MRSA cultures were likely
contaminated with MSSA or that MRSA had lost the
ability to produce PBP2" following exposure to
405 nm light.

Inactivation kinetics of survivors following sub-lethal
exposure

Full inactivation kinetics were also established out using
the initial cultures and survivors after 5, 10 and 15 sub-
lethal exposures. These isolates were cultivated in
100 ml NB in the dark and exposed to 60 mW/cm?
405 nm light, with samples taken every 15 min for 75
mins and 90 mins for MSSA and MRSA respectively (as
described in earlier section ‘Exposure to High-Irradiance
405 nm Light Following Cultivation under Different
Lighting Conditions’).

Antibiotic susceptibility testing

Antibiotic susceptibility testing was carried out fol-
lowing the EUCAST guidelines [29] as closely as pos-
sible (variations included the use of 90 mm plates,
stacking during incubation, and inoculation with only
one antibiotic disc/plate to prevent overlap if bacterial
susceptibility increased). The antibiotics used were
chloramphenicol, ciprofloxacin, erythromycin, fusidic

acid, gentamicin, mupirocin, oxacillin, rifampicin,
tetracycline and vancomycin. These 10 were selected
as they represented antibiotics, with differing anti-
microbial mechanisms, which are recommended
clinical treatment options for Staphylococcus aureus
infections. Fresh bacterial cultures were diluted to a
10® CFU/ml population, spread onto mueller-hinton
(MH) agar plates (Oxoid, UK) using sterile swabs and
a single antibiotic disc (Mast Group, UK) placed into
the centre of the plate. The plates were immediately
incubated at 35 + 2 °C for 18-20 h after which the
diameter of the zone of inhibition was measured in
normal laboratory lighting and recorded to the near-
est mm.

Data analysis

Data represents mean results + standard deviation (SD),
taken from triplicate independent experiments, measured
in at least duplicate for 405 nm light inactivation experi-
ments (n > 6). As samples were directly plated onto NA
plates, some samples counted were below the detection
limit (25 CFU/ml) however these have been included in
graphs to demonstrate the near-to-complete inactivation ef-
fect achieved. Repeated sub-lethal exposure results are re-
ported as bacterial inactivation efficiency (log;o Ny/N), with
N representing the light-exposed population, and N, the
equivalent non-exposed control population. Significant dif-
ferences were calculated using Two-Sample T-Tests or
One-way ANOVA with Dunnett’s post-hoc test (Minitab 17
Statistical Software), with results found to be significant
when P < 0.05.
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Results

Determining potential for tolerance development when
cultured under different lighting conditions

Bacterial inactivation kinetics following single culture

The first stage of the study investigated 405 nm light
susceptibility of methicillin-sensitive S. aureus (MSSA)
following growth in different lighting conditions. As
shown in Fig. 3, relatively linear inactivation kinetics
were demonstrated for both MSSA cultivated in fluores-
cent laboratory light (white light) and in complete dark-
ness, with 5 log;, reductions achieved after a final dose
of 216 J/cm® 405 nm light. No significant differences in
inactivation between MSSA cultures cultivated in fluor-
escent laboratory light or in complete darkness were de-
tected at any of the tested sampling points using a Two-
Sample t-Test (P > 0.05). No significant change was seen
in the equivalent non-exposed controls (P = 0.932 &
0.747 for light and dark cultures, respectively).

When cultured under low-intensity 405 nm light,
some slight differences in the inactivation kinetics were
observed. Although trends appeared similar (Fig. 4), dif-
ferences in the susceptibility of bacteria cultured in low-
intensity 405 nm light versus dark cultured can be seen
at certain points during the experiment. Following ex-
posure to 108 and 162 J/cm® high-intensity 405 nm
light, MSSA cultured in 0.15, 0.5 and 1 mW/cm?
405 nm light showed significantly less inactivation than
that cultured in complete darkness (P < 0.05). By a final
dose of 216 J/cm?, the inactivation achieved between the
dark cultured and low-irradiance 405 nm light cultured
MSSA was similar (~4-5 log;y reduction), with the

Bacterial Count (Mean Log,, CFU/ml)

---0---- White Light-Cultured N é
0 @ Dark-Cultured
T T T T T T T T T T
0 50 100 150 200 250
Dose (J/cm’)

Fig. 3 Inactivation of MSSA following culture in white light or complete
darkness. Methicillin-sensitive Staphylococcus aureus (MSSA) was
inactivated following exposure to 60 mW/cm? 405 nm light after
culture in fluorescent laboratory lighting (white light) or complete
darkness. Each data point is a mean value + SD (n 2 6). No significant
differences were found between the susceptibility of the light and dark
cultured MSSA, using two-sample t-Test (P = 0.05). No significant
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Fig. 4 Inactivation of MSSA following overnight culture in low-level
405 nm light. Methicillin-sensitive Staphylococcus aureus (MSSA) was
inactivated following exposure to 60 mW/cm? 405 nm light after
overnight culture in low-level 405 nm light (0.15, 0.5 and 1 mw/cm?).
The inactivation kinetics of dark-cultured MSSA have been included for
reference. Each data point is a mean value + SD (n 2 6). * Indicates
405 nm light-cultured samples that were significantly different to those
which had been dark-cultured, using one way ANOVA with Dunnett's
post-hoc test (P < 0.05). No significant changes were observed in the
final control populations (P = 0.05)

changes were observed in the final control populations (P 2 0.05)

exception of the MSSA cultured in 1 mW/cm? 405 nm
light: when cultured under this lighting condition, only
3.3 log;o reduction was achieved compared to 5 log; re-
duction for dark-cultivated MSSA (P = 0.045). No sig-
nificant change was seen in the equivalent non-exposed
controls (P = 1.00, 0.268 & 0.744 for 0.15, 0.5 and
1 mW/cm? cultures, respectively).

Investigating the minimum inhibitory concentration of H,0,
Table 1 shows that the average MIC of H,O, is signifi-
cantly higher for MSSA cultured in 1 mW/cm?® 405 nm
light (P = 0.011) compared to when cultured in white
light (P = 0.044) or complete darkness (P = 0.024).

Table 1 Minimum Inhibitory Concentration of H,O, and
carotenoid content of Staphylococcus aureus following different
culture conditions

Growth Conditions Average Minimum Average Carotenoid

Inhibitory Concentration Absorbance

of H,O5 (%) + SD at 465 nm + SD
Complete Darkness 0.00293 + 0.00000 090 + 022
White Lighting 0.00513 + 0.00146 0.82 £ 024
Low irradiance 001831 + 001025 017 012"
(1 mW/cm?)
405 nm Light

Differences in the minimum inhibitory concentration (MIC) of hydrogen
peroxide (H,0,) and carotenoid content of methicillin-sensitive Staphylococcus
aureus when cultivated in different lighting conditions. Data points represent
the mean count (n = 3) + SD

“represents a significant change (P < 0.05)
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Carotenoid (Staphyloxanthin) extraction

Results shown in Table 1 demonstrate that the presence of
the carotenoid staphyloxanthin is significantly lower in
MSSA cultured in 1 mW/cm? 405 nm light (P = 0.009)
compared to that grown in white light (P = 0.015) or
complete darkness (P = 0.008).

Bacterial inactivation kinetics following multiple cultures
MSSA was grown in 1 mW/cm® 405 nm light, sub-
cultured onto NA plates, then re-cultured in (a) complete
darkness once or (b) 1 mW/cm? a further two more times.
As can be seen in Fig. 5a, when cultivated in 1 mW/cm?
followed by cultivation in complete darkness, the level of
inactivation returns to that of cultivation in darkness alone,
with no significant difference in the level of inactivation
(P = 0.395), and similarly the level of inactivation was sig-
nificantly greater than that of MSSA grown in 1 mW/cm?
405 nm light (P = 0.043). No significant change was seen in
the equivalent non-exposed controls (P = 0.505). Figure 5b
also demonstrates that triplicate cultivation in 1 mW/cm?
does not select for more tolerant cultures. The sensitivity of
MSSA to high-intensity 405 nm light returns to a similar
level of that when cultivated in complete darkness alone,
with an average 0.7 x 10" CFU/ml population surviving fol-
lowing a dose of 216 J/cm?, which is not significantly differ-
ent to the average 0.3 x 10" CFU/ml surviving population
which had been grown in darkness (P = 0.230). No signifi-
cant change was seen in the equivalent non-exposed con-
trols (P = 0.338).

Determining potential for tolerance development
following repeated sub-lethal exposure to high-intensity
405 nm light

Repeated sub-lethal exposure

The next stage of this study was to investigate the likeli-
hood of tolerance development when non-proliferating
Staphylococcus aureus was repeatedly exposed to a sub-
lethal dose of high-intensity 405 nm light A dose of 108 J/
cm® was selected for use, as this had been shown to cause
approximately 98% (1.6—1.8 log;,) inactivation of the or-
ganism (Figs. 3 and 4). As can be seen from Fig. 6a, after
repeated sub-lethal exposure there were fluctuations in
MSSA inactivation, with the maximum inactivation seen
after 7 sub-lethal exposures (1.5 log;y, reduction) and
minimum after 4 sub-lethal exposures (1.1 log;y reduc-
tion). However there was no significant difference
(P = 0.242) in MSSA inactivation, compared to equivalent
non-exposed controls, after 1 sub-lethal exposure com-
pared to those after 15 sub-lethal exposures, with 1.3 log;
and 1.2 log;o inactivation achieved respectively. Addition-
ally, one-way ANOVA and Dunnett’s post-hoc analysis,
using Run 1 as the control group, indicated that there was
no significant difference in the bactericidal efficiency of
405 nm light (log;p N¢/N) between the sub-lethal
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Fig. 5 Comparison of MSSA susceptibility to high-intensity 405 nm light
after cultivation in different lighting conditions. a Methicillin-sensitive
Staphylococcus aureus (MSSA) was cultivated in low-intensity (1 mwW/cm?)
405 nm light followed by cultivation in complete darkness, and b MSSA
was subjected to repeated (three times) cultivation in low-intensity

(1 mW/cm?) 405 nm light. Each cultivation was at 37 °C for 18 h.
Following these cultivation conditions, bacteria were exposed to
increasing doses of high-intensity 60 mW/cm? light to establish the
inactivation kinetics. Inactivation kinetics of bacteria which had been
pre-cultured once in darkness or low-intensity 405 nm light are given as
a comparison. * Indicates cultured samples that were significantly
different to those which had been cultured once in 1 mW/cm? 405 nm
light, using one way ANOVA with Dunnett's post-hoc test (P < 0.05). Each
data point is a mean value + SD (n 2 6). No significant changes were

observed in the final control populations (P = 0.05)
& J

exposures. No significant change was seen in the equiva-
lent non-exposed controls (P = 0.198).

As a comparison a clinical isolate of MRSA was also re-
peatedly exposed to sub-lethal levels of 405 nm light. Fig-
ure 6b demonstrates that similarly to MSSA, there were
fluctuations in inactivation of MRSA, with a maximum in-
activation after 14 sub-lethal exposures (1.8 log;o reduction)
and minimum after 10 sub-lethal exposures (1.1 log;o re-
duction). Furthermore there was also no significant differ-
ence (P = 0.943) between the 1.3 log)o and 1.4 log
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Fig. 6 Average 405 nm light inactivation efficiency following
repeated sub-lethal exposure of MSSA and MRSA. 405 nm light
inactivation efficiency of 15 sub-lethal exposure cycles of (a)
methicillin-sensitive Staphylococcus aureus (MSSA) and (b)
methicillin-resistant Staphylococcus aureus (MRSA), to a dose of

108 J/cm? 405 nm light at an irradiance of 60 mW/cm?. Repeated
sub-lethal exposure results are reported as bacterial inactivation
efficiency (logio No/N), with N representing the light-exposed
population, and N, the equivalent non-exposed control population.
Each data point is a mean value + SD (n 2 6). No significant changes
were observed in the test or final control populations, using one
way ANOVA with Dunnett's post-hoc test (P = 0.05)

reduction after 1 and 15 sub-lethal exposures respectively.
Similarly to MSSA, one-way ANOVA and Dunnett’s post-
hoc analysis, using Run 1 as the control group, indicated
that there was no significant difference in the bactericidal
efficiency of 405 nm light (log;y Ny/N) between the sub-
lethal exposures. No significant change was seen in the
equivalent non-exposed controls (P = 0.116).

Inactivation kinetics of survivors following sub-lethal exposure

The inactivation kinetics of surviving MSSA and MRSA
isolates after 5, 10 and 15 sub-lethal exposures to 60 mW/
cm? light were also determined. Figure 7a shows that after
a dose of 270 J/cm? (75 mins) there was no significant dif-
ference in the level of MSSA inactivation after 5, 10 and 15
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Fig. 7 Average inactivation kinetics of MSSA and MSSA after
repeated sub-lethal exposures of 405 nm light. Inactivation kinetics
of isolates of (a) methicillin-sensitive Staphylococcus aureus (MSSA)
and (b) methicillin-resistant Staphylococcus aureus (MRSA) after 5, 10
and 15 sub-lethal exposures of 405 nm light. Sub-lethal exposures
were conducted using a dose of 108 J/cm? (at an irradiance of
60 mW/cm?), and inactivation kinetics were based on exposure to
60 mW/cm? for increasing time periods. Results are compared to
non-sub-lethally exposed bacteria as a control. Each data point is a
mean value + SD (n 2 6). No significant changes were observed in
the test populations, using one way ANOVA with Dunnett’s post-hoc
test (P = 0.05)

sub-lethal exposures, with 5.2 (P = 0.895), 5.2 (P = 0.795)
and 4.8 (P = 0.583) log;, reduction achieved, compared to
non-sub-lethally exposed MSSA. Similarly, MRSA showed
no significant difference in inactivation after a dose of
324 J/em? (90 mins) with 54 (P = 0.193), 5.4 (P = 0.259)
and 5.3 (P = 0.081) log;, reductions of MRSA after 5, 10
and 15 sub-lethal exposures, respectively.

Antibiotic susceptibility testing

Although little change was seen in bacterial susceptibility
to high-intensity 405 nm light after repeated sub-lethal ex-
posure, antibiotic susceptibility was also investigated.
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Table 2 shows that there was little variation in the diam-
eter of the zones of inhibition for MSSA after 5, 10 and 15
sub-lethal exposures compared to the initial non sub-
lethally exposed populations. There were no significant
decreases in the diameter of the zone of inhibition be-
tween the initial non sub-lethally exposed MSSA and sur-
vivors of 15 sub-lethal exposures (P > 0.05). There was a
slight decrease in the average diameter of the zone of in-
hibition caused by mupirocin after 5 sub-lethal exposures,
however after 10 and 15 sub-lethal exposures inhibition
was comparable to non-stressed cultures (P > 0.05).

With regards to the antibiotic susceptibility of MRSA
isolates after sub-lethal exposure, there were no significant
decreases between the initial non-sub-lethally exposed
populations and those after 15 sub-lethal exposures.

Interestingly there were significant increases in the
diameter of the zone of inhibition for fusidic acid after
10 sub-lethal exposures and rifampicin after 15 sub-
lethal exposures for MSSA and with gentamicin after 15
sub-lethal exposures for MRSA, compared to initial non
sub-lethally exposed populations.

Discussion

This study has addressed the question of the potential for
S. aureus to become tolerant to antimicrobial 405 nm
violet-blue light and has provided new information under
carefully controlled experimental test conditions.

The results from the first stage of the study, demon-
strated that MSSA cultured in 1 mW/cm? 405 nm light
appeared to exhibit a degree of tolerance to high-
intensity 405 nm light, compared to when dark-cultured.
This suggests that exposure to low-intensity 405 nm
light during culture may have acted as a low-level stres-
sor during growth, which could have increased the up-
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regulation of bacterial oxidative stress responses. Bac-
teria have developed several mechanisms to overcome
oxidative stress, including enzymes to detoxify reactive
oxygen species such as catalase, peroxidase and super-
oxide dismutase [30]. To detect changes in the ability of
MSSA to tolerate oxidative stress after culture in the
presence of 1 mW/cm? 405 nm light, compared to white
light or complete darkness, a MIC assay using H,O, was
carried out, and carotenoid content was measured. Re-
sults determined that the average MIC of H,O, was sig-
nificantly higher for the organism when cultured in low-
level (1 mW/cm?) 405 nm light compared to white light
or complete darkness. This demonstrates that during
growth in low-irradiance 405 nm light there is likely an
increase in the expression of protective enzymes e.g. an
increase in catalase enzymes which would act as hydro-
gen peroxide scavengers. An increase in catalase enzyme,
KatA, following photodynamic inactivation of S. aureus
(using blue light and exogenous porphyrins) was also
demonstrated by Doselli et al. [31], which further sug-
gest this enzyme is up-regulated to try to help protect
the bacteria against oxidative stress.

The presence of the carotenoid staphyloxanthin was
also found to be significantly lower in MSSA cultured in
low-level (1 mW/cm?) 405 nm light compared to when
grown in white light or darkness. As carotenoid pig-
ments have anti-oxidative properties, in particular for
protecting bacteria against 'O, stress [32], you would ex-
pect MSSA cultivated in 1 mW/cm? 405 nm light to be
more sensitive to subsequent high-intensity 405 nm light
exposure, due to the lower levels of staphyloxanthin
present. However, as tolerance is increased upon expos-
ure to high-intensity 405 nm light, it is likely there is an
up-regulation of other oxidative stress responses within

Table 2 Antibiotic susceptibility of MSSA and MRSA following sub-lethal exposure to 405 nm light

Antibiotic Conc Mean Diameter of Zone of Inhibition of MSSA (mm) Mean Diameter of Zone of Inhibition of MRSA (mm)
b9 o 5 10 15 0 5 10 15

Chloramphenicol 257 21+15 21 +£08 21+£12 21 +£08 24+10 24+ 1.1 23+ 14 23+ 1.1
Ciprofloxacin 5 22+12 21 £05 22 £07 22+13 26 £ 06 26 £ 04 26 £10 26 £ 1.1
Erythromycin 5° 21+ 06 21 +£06 22+08 21 +£04 23+10 22+08 23+10 23+12
Fusidic Acid 10 30+ 00 30+ 08 32 +1.0* 31+18 31 +£06 30+ 05 30+ 07 30+ 09
Gentamicin 10 21 +£06 21 £05 21 £05 20£05 21 £06 21 £05 22+13 23 + 06*
Mupirocin 5° 28 + 06 26 + 0.5% 28+ 14 28 £ 1.1 26+ 06 27 £ 1.1 26+ 12 26+ 13
Oxacillin 50 30+ 00 29+09 30+ 06 30+ 09 0+00 0+£00 0£00 0+00
Rifampicin 5 32+10 32+07 33+£18 34 + 06* 31+ 06 30+ 07 31+£10 31+09
Tetracycline 25° 28+ 12 28+10 28+ 14 29+13 2710 27 £07 2710 26 +£09
Vancomycin 5° 15+ 00 14 £07 1507 15+ 05 14 £06 15+ 06 15+£05 14 +£05

Antibiotic susceptibility of methicillin-sensitive Staphylococcus aureus (MSSA) and methicillin-resistant Staphylococcus aureus (MRSA) after 5, 10 and 15 sub-lethal
exposures compared to equivalent non-sub-lethally exposed controls (0). Susceptibility was measured using Disc Diffusion Method
*indicates diameters of zones of inhibition that was significantly different to the equivalent non-sub-lethally exposed control (P < 0.05). Each data point is a mean

value = SD (n > 3)
Disc concentration is lower than that recommended by EUCAST
PNo disc concentration recommended by EUCAST
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the bacteria and that the carotenoid pigment provided
protection against ROS during growth in low-intensity
405 nm light. Further experiments investigating
superoxide dismutase, catalase activity could help to
confirm this.

Although the inactivation achieved at 216 J/cm? (Fig.
4) was less when the bacteria had been pre-cultured in
low-irradiance (1 mW/cm?) 405 nm light, it is important
to note that when exposed to a higher dose of 270 J/cm?>
complete 5 log;, inactivation was still able to be
achieved (Fig. 5b). It is likely that complete inactivation
is still able to occur due the level of ROS produced being
greater than the level that the basal bacterial oxidative
stress defence systems are able to scavenge [30].

It is important to consider the possibility that bacteria
may become less sensitive to high-irradiance 405 nm
light after pre-culture in low-intensity, sub-lethal stress
levels of 405 nm light, as this could have implications
when violet-blue light is used to inactivate bacteria in
nutritious environments where the bacteria are able to
replicate, for example within wounds or surgical sites. In
these cases it would be important to ensure a bacteri-
cidal dose was administered: if the dose administered or
irradiance used is too low, the bacteria may not be com-
pletely inactivated and cause pathogenic organisms to
potentially become more tolerant to subsequent applica-
tions of violet-blue light. Additionally, if the dose deliv-
ered is too low there may actually be an increase in
population concentration, as it is thought visible light
can encourage proliferation of microorganisms when
used on nutrient rich areas such as wounds [28].

Further investigations were carried out to investigate if
growth in low-intensity 405 nm light was selective for
MSSA which was able to adapt to a greater level of oxi-
dative stress. Results demonstrated that this was not the
case, with the sensitivity of MSSA returning to a similar
level of that when cultivated in complete darkness alone.
These results additionally suggest that the increased tol-
erance to high-intensity 405 nm light is caused by an
up-regulation in bacterial stress response rather than se-
lection for violet-blue light tolerant colonies due to
growth conditions.

Further work should be carried out to investigate the
oxidative stress response following growth in low-intensity
405 nm light fully, such as the levels of superoxide dismut-
ase, which has been previously shown to be up-regulated
in S. aureus sensitive to PDI [33]. Additionally it is known
that there is a heat shock protein cascade after PDI [30]
and a study by St Denis et al. [34] demonstrated that E.
coli exposed to external stress, before PDI showed a 2
logo less reduction in bacterial inactivation compared to
normal PDI inactivation levels. Therefore it would be in-
teresting to investigate if there was a heat shock protein
cascade during growth in 1 mW/cm? violet-blue light, and
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if this up-regulation of proteins before high-intensity ex-
posure may contribute to the stress tolerance seen. Add-
itionally, investigations should explore why the increased
level of tolerance is not seen after repeated growth in the
low-level stress conditions. However as the bacteria can
still be completely inactivated, and as results indicated re-
peated growth in low-irradiance light is unlikely to be a
selective process, MSSA should continue to be susceptible
to high-irradiance 405 nm light after growth in the pres-
ence of a low-level stressor.

It is also important to note that the changes in suscep-
tibility observed here are in response to the organisms
being pre-cultured in low-level 405 nm light. This is un-
likely to occur in non-proliferating bacteria, such as is
the case with environmental contamination [17], as
these organisms are stressed and not actively growing,
thus up-regulation of stress responses is unlikely to
occur, and actually when in a stationary stressed state,
bacteria should become more susceptible to 405 nm
light inactivation [35].

The next stage of this study was to investigate the like-
lihood of tolerance development when non-proliferating
bacteria were repeatedly exposed to a sub-lethal dose of
high-intensity 405 nm light. MSSA and MRSA were sub-
jected to 15 exposure-subculture-exposure cycles to
60 mW/cm” 405 nm light, resulting in a dose of 108 J/
cm® per sub-lethal exposure. Results demonstrated no
significant change in the level of inactivation achieved,
with 1.2 log;y and 1.4 log;, inactivation achieved for
MSSA and MRSA after 15 sub-lethal exposures respect-
ively, compared to an initial 1.3 log;, inactivation
achieved for both.

The dose of 108 J/cm® was selected for exposure as it
was shown to cause approximately 98% (1.6—1.8 log;o)
inactivation of the organism used in this study (Figs. 3
and 4). When compared to doses used in other studies
to achieve similar levels of inactivation, this dose is
somewhat greater [6, 7], however, the dose dependency
will vary between studies, as it is specific to the light
sources, the irradiances and the organisms used. LED ar-
rays have variations in spectral output in terms of exact
peak wavelength and bandwidth, and therefore this will
affect the efficiency of bacterial inactivation. In addition,
the overall doses used will vary depending on the output
irradiance of the light source: the higher power the light
source, the higher the irradiance, however, given that
there will be a finite number of porphyrins per bacterial
cell capable of photon absorption, there is likely to be a
point at which the absorption of more photons would
have little effect on the inactivation mechanism already
in progress, therefore although more energy is being de-
livered, it may not translate into more effective kill.

Little other evidence has been documented regarding
bacterial tolerance to 405 nm light. A short study by
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Guffey et al. [26] demonstrated that there was potential
for S. aureus to become tolerant to a dose of 9 J/cm?
405 nm light, as following 5 repeated exposures there
was a decrease in the kill rate seen. The study demon-
strated an initial increase in kill rate from 32.92 to
59.49% after the 1st to 4th sub-lethal exposures, however
kill rate subsequently declined, with only 18.04% kill
after the 7th repeated sub-lethal exposure, attributed to
the development of resistance. These results are conflict-
ing with those in this study, as our results indicate little
change in bacterial response to 405 nm light inactivation
following 15 sub-lethal exposures. In the present study,
which used more than double the number of sub-lethal
exposures and higher bacterial populations, natural vari-
ation in the level of inactivation occurred after repeated
sub-lethal exposure, and this variation would be particu-
larly apparent when using low population densities, as
was the case in the study by Guffey et al. [26], so poten-
tially further repeated sub-lethal exposures may have
shown a subsequent increase in kill rate.

Additionally, in the present study S. aureus was re-
peatedly sub-lethally exposed whilst suspended in PBS.
This allowed investigation of the sole effect that repeated
antimicrobial violet-blue light exposure would have on
bacterial cultures in a stationary, non-proliferating, state,
representative of how bacteria would be found in the
clinical environment. In the study by Guffey et al. [26],
S. aureus was exposed to 405 nm light whilst seeded
onto mannitol salt agar plates. Not only is mannitol
known to be a ROS scavenger [36], in this scenario the
bacteria were likely to be in a metabolic state, tolerating
the high salt conditions (7.5% NaCl) and fermenting
mannitol, and therefore these processes may have af-
fected the subsequent bacterial stress response to violet-
blue light. Consequently the increased tolerance seen
may be more relative to results in the earlier phase of
this study, where low-level exposure to 405 nm light in
nutritious conditions resulted in higher dose require-
ments for complete inactivation.

Conversely, two studies which exposed Acinetobacter
baumannii and P. aeruginosa to 415 nm light, under expos-
ure conditions similar to this study, demonstrated no evi-
dence of tolerance formation [20, 27]. Results are in
keeping with study, with no tolerance to 415 nm light in-
activation seen in 10® CFU/ml populations of P. aeruginosa
and A. baumannii after 10 repeated sub-lethal exposures to
a dose of 36 J/em? and 70.2 J/cm? respectively [20, 27].
These previous studies, along with the results in the present
study, support the hypothesis that due to the unspecific
mechanism of action and broad spectrum of intracellular
targets, tolerance is not likely to occur.

Interestingly in the study by Zhang et al. [27] a signifi-
cant increase in the sensitivity of A. baumannii was seen
between the 1st exposure (4.52 log;o reduction) and the
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10th exposure (6.28 log;y, reduction) and inactivation
curves revealed an increase in inactivation between 1, 6
and 9 sub-lethal exposures. These results were thought to
indicate that a favourable mutation had occurred, increas-
ing bacterial susceptibly to violet-blue light inactivation
[27]. To investigate if this phenomenon would also occur
in Staphylococcus aureus, the inactivation kinetics of sur-
viving isolates after 5, 10 and 15 sub-lethal exposures were
determined and all followed similar trends. Although
these results do not indicate an increase in sensitivity of
MSSA and MRSA to 405 nm light after repeated sub-
lethal exposure, they do demonstrate consistent Staphylo-
coccal sensitivity to high-irradiance 405 nm light and
further supports the hypothesis that tolerance to 405 nm
light inactivation in unlikely. However, the potential for
tolerance should be evaluated in other microorganisms
normally susceptible to 405 nm light inactivation, includ-
ing multidrug resistant organisms which are currently a
great problem in healthcare settings [37, 38].

Antibiotic susceptibility was also analysed to ensure
that repeated 405 nm light exposure did not give rise to
‘stress hardening, whereby as a result of continued ex-
posure to this sub-lethal stress the bacteria would be
able to adapt and develop protection mechanisms
against other applied stresses [39, 40]. Little significant
variation was seen with the antibiotic susceptibility for
both S. aureus strains. Although a slight decrease in sus-
ceptibility of MSSA to mupirocin was noted after 5 sub-
lethal exposures (an observation which was not observed
following increased sub-lethal exposures to 10 or 15 cy-
cles), it is worth noting that although the concentration
of mupirocin antibiotic disc (5 pg) was below the recom-
mended concentration used by EUCAST (200 pg), the
zone of inhibition measured was still far greater
(26 mm) than the EUCAST breakpoints for resistance
(18 mm). Therefore, indicating that although signifi-
cantly different to the initial non sub-lethally exposed
MSSA, after 5 sub-lethal exposures MSSA is bacteria is
still sensitive to mupirocin.

Furthermore, to the best of our knowledge these
are the first results comparing repeated sub-lethal
405 nm light exposure and antibiotic susceptibility,
and they indicate that sub-lethal exposure is unlikely
to result in the development of antibiotic resistance.
These findings are further supported by those of Ped-
igo et al. [23], who demonstrated no antibiotic resist-
ance occurred in MSSA after 25 repeat exposures to
PDI, using a methylene blue photosensitizer and
670 nm light, compared to antibiotic resistance in
MSSA after only 11 exposures to a 1 pg/ml oxacillin
disk. Similarly, Grinholc et al. [41] found no change
in antibiotic susceptibility in MRSA before and after
exposure to PDI (using protoporphyrin diarginate and
624 nm light) with the 26 different antibiotics tested.
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Future studies should involve a greater range of
commonly used antibiotics and broth microdilution
studies should be carried out to enable the quantifica-
tion of the MIC of each antibiotic before and after
sub-lethal exposure. However, overall these results in-
dicate repeated sub-lethal exposure to 405 nm light is
unlikely to affect S. aureus susceptibility to antibi-
otics, and supports the practical application of
405 nm light for decontamination applications within
in the clinical environment [42].

This study was designed to generate fundamental
microbiological information with regards to the potential
for the development of bacterial tolerance to 405 nm
light. To investigate this, S. aureus was exposed to high-
irradiance light whilst in suspension, following either
growth in low-level blue light stress conditions or previ-
ous sub-lethal exposures to 405 nm light. As discussed
earlier, the 405 nm light levels used in the present study
permitted establishment of the fundamental responses of
the light-exposed bacteria. There is however, interest in
utilising this antimicrobial technology for practical de-
contamination applications and it will therefore be im-
portant for future studies to progress investigations
towards more clinically-relevant scenarios. This could
include repeated exposure of bacteria on inert surfaces
with low-irradiance 405 nm light more representative of
levels which would be used for environmental decon-
tamination (<1 mW/cm?) [15-18], or repeated exposure
of organisms on tissue models using higher irradiance
light, more suited for representation of wound treat-
ments [12]. It would also be important to investigate if
there are any differences when bacteria are dried onto
clinical surfaces compared to when suspended in bio-
logical fluids such as blood and secretions. A previous
study by Murdoch et al. [43], also demonstrated that
bacteria can be more susceptible to inactivation when
exposed whilst dried onto surfaces and in a desiccated
state, and it is reasonable to consider that this increased
susceptibility when on surfaces is likely to reduce the
likelihood of persistent survival and tolerance/resistance.
In addition, if the bacteria are present in biological fluids
or embedded in a biological matrix then the inactivation
effect could be enhanced by the excitation of photosensi-
tive components present in the biological fluids or
matrix (which accelerates the production of ROS) [10,
11]. Conversely it must also be considered that inactiva-
tion efficacy of the 405 nm light could be hindered by
the opaque transmission properties of the suspending
fluid/matrix. Clearly much more research is required to
understand not only the tolerance response of bacteria
to 405 nm light but also the complex interplay between
physico-chemical and environmental factors that can im-
pact on the efficacy of the light induced inactivation in
real clinical settings.
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Finally, it would also be important to establish the in-
fluence of strain variance on the potential for tolerance.
Although comparisons were made between methicillin
sensitive and resistant strains of S. aureus other studies
have demonstrated that photodynamic inactivation and
violet-light exposure can vary between exposed strains
of the same organisms [28, 44].

Conclusions

In conclusion, the results in this study provide novel funda-
mental information surrounding the potential for tolerance
development in proliferating S. aureus cultivated in low-
level 405 nm light. Additionally no evidence of tolerance
was generated in non-proliferating antibiotic sensitive and
resistant organisms, following repeated sub-lethal exposure.
Repeated sub-lethal exposure was also shown to have little
effect on inactivation kinetics or antibiotic susceptibility.
Whilst previous studies have established that violet-blue
light can be safely used for continuous decontamination in
occupied environments [15, 16, 18], wound decontamin-
ation in mouse models [13, 20, 27, 45], and that it can in-
activate a wide range of microorganisms [5-11], our
current findings indicate that in fundamental studies using
high-intensity light irradiances, bacterial tolerance is un-
likely to occur even after repeated use.

These proof-of-principle results offer additional evi-
dence towards the effective use of antimicrobial 405 nm
light for decontamination applications within the clinical
setting, however further work is needed to translate
these findings to use lower, more clinically-relevant ir-
radiance levels and/or longer duration exposures, rele-
vant for applications such as environmental and wound
decontamination.
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