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Light at wavelength 405 nm is an effective bactericide. Previous studies showed that exposing mammalian cells
to 405 nm light at 36 J/cm2 (a bactericidal dose) had no significant effect on normal cell function, although at
higher doses (54 J/cm2), mammalian cell death became evident. This research demonstrates that mammalian
and bacterial cell toxicity induced by 405 nm light exposure is accompanied by reactive oxygen species produc-
tion, as detected by generation of fluorescence from 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate. As in-
dicators of the resulting oxidative stress in mammalian cells, a decrease in intracellular reduced glutathione
content and a corresponding increase in the efflux of oxidised glutathione were observed from 405 nm light
treated cells. Themammalian cells were significantly protected fromdying at 54 J/cm2 in the presence of catalase,
which detoxifiesH2O2. Bacterial cells were significantly protected by sodiumpyruvate (H2O2 scavenger) and by a
combination of free radical scavengers (sodium pyruvate, dimethyl thiourea (•OH scavenger) and catalase) at
162 and 324 J/cm2. Results therefore suggested that the cytotoxic mechanism of 405 nm light in mammalian
cells and bacteria could be oxidative stress involving predominantly H2O2 generation, with other ROS contri-
buting to the damage.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Violet-blue light in the region of 405 nm has antimicrobial activity
against a variety of medically-relevant bacterial species (Bache et al.,
2012; Maclean et al., 2009, 2013, 2015; McKenzie et al., 2014;
Ramakrishnan et al., 2014) and studies have demonstrated increased
susceptibility of bacterial cells compared to their mammalian counter-
parts — potentially providing the ability to preferentially inactivate
microbial contamination in wound and tissue environments (Dai
et al., 2013; Zhang et al., 2014).

The mechanism of the bactericidal action, and the occurrence of
mammalian cell toxicity beyond a threshold exposure level
(Ramakrishnan et al., 2014), has not been fully elucidated, but it is
thought to involve the photo-excitation of endogenous porphyrin mol-
ecules, a process which generates reactive oxygen species (ROS). ROS,
including singlet oxygen (1O2), superoxide anion (O2•−), hydrogen
peroxide (H2O2) and hydroxyl groups (•OH), are chemically reactive
free radicals that play a crucial role in cell signaling and homeostasis,
but overproduction becomes toxic to cells and alters redox balance
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causing significant damage to cell structures via oxidation of cellular
macromolecules such as proteins, lipids, nucleic acids, NADH/NADPH
and soluble thiols (Devasagayam et al., 2004). Since mammalian and
bacterial cells contain intracellular porphyrins, during violet-blue light
exposure, these porphyrins may become photosensitized leading to an
overproduction of ROS (Kotelevets et al., 1988; Lavi et al., 2004; Lubart
et al., 2011).

As with traditional photodynamic inactivation reactions, which in-
volve the use of exogenous photosensitive dyes or porphyrins (Gayl,
2001), photosensitization using violet-blue light is thought to cause cel-
lular damage via two different pathways: Type I and Type II. With the
Type Imechanism, the electronically excited sensitizer (e.g. endogenous
porphyrin) reacts directly with the cellular component resulting in free
radical formation (e.g. O2•− and •OH). These free radicals propagate fur-
ther free radical chain reactions. In the Type II process, the excited pho-
tosensitizer reacts directly with molecular oxygen resulting in the
formation of 1O2 (Pattison and Davies, 2006). Both pathways culminate
in significant oxidative damage to exposed cells.

The experiments described in this paper were carried out to investi-
gate and compare the inactivation mechanism which occurs within
mammalian and bacterial cells upon exposure to toxic levels of
405 nm violet-blue light. The study aimed to demonstrate ROS genera-
tion in mammalian and bacterial cells as a consequence of 405 nm
violet-blue light exposure, and also to determine whether these ROS
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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contributed to its cytotoxicity. With 405 nm light being highlighted in a
number of recent studies as having potential applications for patient-
safe environmental decontamination and wound decontamination, de-
termining the effects induced in mammalian and bacterial cells upon
exposure is important (Maclean et al., 2010; McDonald et al., 2011).

Osteoblasts, and the bacterium Staphylococcus epidermidis, were se-
lected for use in this study as an example of a robust mammalian cell
type, and a component of the natural skin microflora and common
cause of hospital infection, respectively (Cogen et al., 2008; Waugh
and Lawrence, 2013; Otto, 2009). Both cell types have also previously
been investigated for their susceptibility to 405 nm light (McDonald
et al., 2011, 2013; Ramakrishnan et al., 2014). In the present study,
cells were exposed to increasing doses of 405 nm light to study how
this affected the production of intracellular ROS in both themammalian
and bacterial cells. Oxidation (dimerization) of glutathione (GSH) to
oxidised glutathione (GSSG) was utilised as an indicator of oxidative
stress in mammalian cells (Engelmann et al., 2005). In order to detect
and measure the production of intracellular ROS in mammalian and
bacterial cells, 6-carboxy-2′, 7′-dichlorodihydrofluorescein diacetate
dye (carboxy-H2DCFDA) was chosen. Carboxy-H2DCFDA is a chemically
reduced, acetylated form of fluorescein used as an indicator for ROS in
cells including cancer cells, astrocytes and phagocytes (Brubacher and
Bols, 2001; Testa et al., 2011; Trifunovic et al., 2005; Wu and Yotnda,
2011). This non-fluorescent molecule is readily converted to a green-
fluorescent form when the acetate groups are removed by intracellular
esterases, and oxidation by interaction with ROS occurs within the cell.
The generation of green fluorescence from carboxy-H2DCFDA following
de-acetylation and oxidation is indicative of the presence of oxidative
stress (Johnson and Spence, 2010). The cytotoxic response to the
405 nm light exposure was monitored by the reduction of (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT),
which correlates cell metabolic activity with viability. The osteoblasts
are an adherent cell line, and the number of viable cells adhering to
the culture dishes after exposure to the light was also monitored by
total cell protein.

In order to further evaluate the role of ROS in the cytotoxic mecha-
nism, ROS scavengers, which can aid in cell protection by either
preventing or removing the excess ROS produced during oxidative
stress conditions, were used (Sies, 1997). Sodium pyruvate (an intracel-
lular H2O2 scavenger), dimethyl thiourea (DMTU, an intracellular •OH
scavenger) and catalase (detoxifies extracellular H2O2) were added to
mammalian and bacterial cell samples, both singly and in combination,
during 405 nm light exposure, and the effect on the cells monitored.
These scavenging chemicals were chosen based on their successful use
in a previous study by MacLean and co-workers (Maclean et al., 2008).
Sodium pyruvate has previously been shown to protect human neuro-
blastoma cells at concentrations ≥1 mM against H2O2 insult (Wang
et al., 2007), and DMTU, an •OH scavenger, effectively protects renal
cells and human bronchial epithelial cells at concentrations of 1 mM
(Linas et al., 1987) and 10 mM (Rappeneau et al., 2000) respectively.
Preliminary experiments with each of the scavengers were carried out
to determine the effective dose, and ascertain that they were not toxic
to the cells at that dose. The study results are discussed in terms of the
cellular mechanisms involved in 405 nm violet-blue light cellular inac-
tivation, and factors influencing the differing susceptibility of mamma-
lian and bacterial cells to the light.
Table 1
The different periods of osteoblast cell exposure to 405 nm light, irradiance levels and the
corresponding applied doses.

Exposure period (hours) Irradiance (mW/cm2) Dose (J/cm2)

1 5 18
1.5 5 27
2 5 36
2.5 5 45
3 5 54
2. Materials and methods

2.1. Culture and 405 nm light exposure of mammalian cells

Immortalised osteoblast (OST 5) cells isolated by SV40 transfection
of neonatal rat calvarial osteoblasts in our laboratory and used previous-
ly in toxicity experiments (Ramakrishnan et al., 2014) were cultured as
monolayers using Dulbecco's Modified Eagle's Medium (DMEM)
containing 10% v/v foetal calf serum in an atmosphere of 5% CO2 in air
at 37 °C.

The 405 nm light system used in this study consisted of an array of
nine 405 nm light emitting diodes (LEDs) (GE Illumination, USA), with
a full-width half-maximum of 14 nm. The LEDs were arranged in a
3 × 3 grid pattern (6 cm× 6 cm), and attached to a heat sink for thermal
management, thus preventing sample heating during light exposure.
The heat sink was supported by two pillars above a moulded base de-
signed to fit a multi-well plate in order to fix the position of the treat-
ment plates directly below the LEDs. The light source was set at a
height of 8 cm above the multi-well plate, and the middle 4 wells in a
24-well plate, and the middle 16 wells in a 96-well plate, were used
for cell exposures. Cells were seeded at a density of 5 × 103 cells/cm2

in 24-well plates, and 2 × 104 cells/cm2 in 96-well plates, and left in
the incubator overnight at 37 °C.

Post-incubation, growthmediumwas removed and 1 ml Dulbecco's
Phosphate Buffered Saline (DPBS) solution was added to the central
wells. The plates were transferred to an incubator at 37 °C and 5% CO2

where the samples were exposed to increasing doses of 405 nm light
(Table 1), with dose (J/cm2) calculated as the product of the irradiance
(W/cm2)× time (s). Unexposed controlswere held under the same con-
ditions but in a separate incubator (to avoid any effects of the light on
the control). After the stipulated exposure periods, the following assays
were performed on both the light-exposed and non-exposed control
samples.
2.2. ROS detection and measurement in mammalian cells

ROS detection and measurement in adherent osteoblast cells were
carried out using 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA) dye (Invitrogen, UK: C400, Lot 28351W). After
405 nm light treatments at 5 mW/cm2 for 1, 1.5, 2, 2.5 and 3 h (18, 27,
36, 45 and 54 J/cm2 respectively), the DPBS solution was removed from
the wells, and the cell monolayer washed twice with DPBS. The washing
step was used to remove any cell debris present in the sample after
405 nm light exposure. The samples were immediately treated with
200 μl of 25 μM carboxy-H2DCFDA and incubated in the dark at 37 °C
for 30min to allow the probe to accumulatewithin the cells. After incuba-
tion, the cells werewashed twicewith DPBS. 1ml 0.1% (v/v) Triton X-100
was then added to each well, and the cells incubated in the dark at room
temperature for 20min to allow thefluorochrome to leachout of the cells.
Fluorescence was measured immediately using a RF-5001PC
spectrofluorophotometer at an excitation wavelength of 495 nm and
emission wavelength of 525 nm as described previously (Smith et al.,
1992).

For microscopic imaging, cells (5 × 103 cells/cm2) were grown on
coverslips placed in the wells of 24-well plates. Post-light treatment,
cells were washed twice with DPBS, 200 μl of 25 μM carboxy-
H2DCFDA was added to the cells and they were then incubated in the
dark at 37 °C for 30 min. Post-incubation, excess dye was removed,
cells were washed twicewith DPBS, coverslips were placed ontomicro-
scopic slides and the samples viewed under a Axio Imager Z1 fluores-
cent microscope (Zeiss, Hertfordshire, UK) for green fluorescence at
an excitation wavelength of 450–490 nm and emission wavelength of
515–565 nm using a 20× water lens (NA = 0.5).
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2.3. Extracellular oxidised glutathione (GSSG) and intracellular reduced
glutathione (GSH) measurement

After 405 nm light treatment at 5mW/cm2 for 0, 1, 1.5, 2, 2.5 and 3 h
(0, 18, 27, 36, 45 and 54 J/cm2 respectively), 800 μl of DPBS buffer was
removed from thewellswithout detaching the cells. Thebufferwas cen-
trifuged at 10,000×g for 2min to remove cell debris. 200 μl of 25% (w/v)
trichloroacetic acid (TCA) was then immediately added to the centri-
fuged supernatants (to prevent any further oxidation of GSH to GSSG)
and extracellular GSSG measured using N-ethylmaleimide (NEM), O-
phthalaldehyde (OPT) and 0.2 M sodium hydroxide (NaOH) as de-
scribed previously (Hissin and Hilf, 1976), at 350 nm excitation and
420 nm emission using a RF-5001PC spectrofluorophotometer
(Shimadzu, Japan).

200 μl of 10% (w/v) TCA was then added to the cells and the plates
were placed on ice for 10min. Thereafter, GSHwasmeasured in the cel-
lular acidic extracts using OPT as described previously (Hissin and Hilf,
1976), at 350 nm excitation and 420 nm emission using a RF-5001PC
spectrofluorophotometer.

The loss in intracellular GSH (in nmol/ml) was correlated with the
gain in extracellular GSSG in the buffer (taking into account differences
in the volumes of the samples), between samples treated with 45 and
54 J/cm2 to determine whether GSH loss was due to oxidation.

2.4. Measurement of mammalian cell viability in the presence and absence
of scavengers

Cells were seeded at 5 × 103 cells/cm2 in 24 well plates prior to ex-
posure. The osteoblasts were exposed to 54 J/cm2 405 nm light treat-
ment (5 mW/cm2 for 3 h) in the absence and presence of reactive
oxygen species (ROS) scavengers: sodium pyruvate (1 mM,), dimethyl
thiourea (1 mM,) and catalase (50 U/ml). The total protein content of
the osteoblasts was determined 2 days after exposure and after
solubilising the cells in 0.5 M NaOH overnight (Lowry et al., 1951).
Mammalian cell viability was measured using the MTT assay as de-
scribed previously (Ho et al., 2004). For each scavenger used, appropri-
ate non-exposed controls were included in each experiment.

2.5. Culture and 405 nm light treatment of bacterial cells

S. epidermidis LMG 10474 (Laboratorium voor Microbiologie,
Universiteit Gent, Belgium) was inoculated in 100 ml nutrient broth
(NB) and incubated at 37 °C for 18 h under rotary conditions
(120 rpm). Post-incubation, the broth was centrifuged at 3939 ×g for
10 min, and the pellet re-suspended in 100 ml PBS, giving a population
density of approximately 109 colony forming units (CFU)/ml. 2 ml sus-
pension was transferred into the middle 2 wells of a 12-well plate and
exposed, at room temperature, to increasing doses of 405 nm light
(Table 2). Unexposed controls were held under the same conditions
but without 405 nm light exposure.

2.6. ROS detection and measurement in bacterial cells

After 405 nm light treatments at 15 mW/cm2 for 0, 1, 3 and 6 h (0,
54, 162 and 324 J/cm2 respectively), the bacterial cell suspensions
Table 2
The different periods of bacterial cell exposure to 405 nm light, irradiance levels and the
corresponding applied doses.

Exposure period (hours) Irradiance (mW/cm2) Dose (J/cm2)

1 15 54
3 15 162
6 15 324
were removed from the wells, and centrifuged at 3939 ×g for 10 min
to achieve a cell pellet. 200 μl 25 μM carboxy-H2DCFDA was then
added to the pellet, mixed, and left in the dark for 30 min at room tem-
perature. Post-incubation, 195 μl of the aliquot was made up to 1 ml
with PBS, and the fluorescence measured as described for the mamma-
lian cells, directly in the cell suspension.

Formicroscopic imaging, 5 μl of theundilutedpelletwith dyewas pi-
petted onto amicroscope slide and viewed for green fluorescence as de-
scribed for the mammalian cells, but using a 100× oil immersion lens
(NA = 0.5).

2.7. Detection and measurement of bacterial ROS in the presence of
scavengers

The bacterial cell suspensions were exposed to 162 J/cm2 405 nm
light (15mW/cm2 for 3 h) in the presence of the reactive oxygen species
scavengers (100 mM Sodium pyruvate; 100 mM Dimethyl thiourea;
200 U/ml catalase). After light treatment, the bacterial cell suspensions
were removed from the wells, and the fluorescence measured
fluorimetrically and detected microscopically using carboxy-H2DCFDA
as described earlier. For each scavenger used, appropriate non-
exposed controls were included in each experiment.

2.8. Measurement of bacterial cell viability in the presence and absence of
ROS scavengers

After exposure of bacterial suspensions to 15mW/cm2 405 nm light
for 3 and 6 h (162 and 324 J/cm2 respectively), bacterial samples were
diluted in PBS, plated onto nutrient agar (NA), and incubated at 37 °C
overnight before enumeration of the viable CFU/ml. To assess the effect
of ROS scavengers on the inactivation kinetics, exposureswere repeated
in the presence of a range of scavengers: 100 mM Sodium pyruvate;
100 mM dimethyl thiourea; and 200 U/ml catalase, both individually,
and combined (at the same concentrations). For each scavenger used,
appropriate non-exposed controls were included in each experiment.

3. Results

3.1. ROS detection in mammalian cells using carboxy-H2DCFDA

The green fluorescence generated from carboxy-H2DCFDA was de-
tected by both fluorescence microscopy (Fig. 1A), and by quantitative
fluorescence measurement by spectrofluorimetry of the lysed cells
(Fig. 1B). The fluorescence intensity measurement for the unexposed
bar (Fig. 1B)was averaged over all exposure timepoints. This procedure
was justified because there was no significant difference between the
unexposed samples at all time points (p N 0.05), using one-way
ANOVA plus Tukey post hoc test. Data in Fig. 1A and B show a significant
increase (p b 0.05) in intracellular green fluorescence for 405 nm light
treated samples for up to a period of 2 h (36 J/cm2) when compared
with the respective unexposed samples, using one-way ANOVA plus
Dunnett's post-hoc test. The intracellular fluorescence of the 405 nm
treated cells decreased at 2.5 and 3 h exposures (45 and 54 J/cm2) com-
pared to 2 h exposed samples.

3.2. Measurement of GSH/GSSG content in mammalian cells

The intracellular GSH content of, and the GSSG efflux from, the mam-
malian cells were measured post-405 nm light treatment at different
doses to find out whether the cells experienced oxidative stress. Data in
Fig. 2 show that therewas a significant decrease (p b 0.05) in the intracel-
lular GSH content of the light-exposed cells at 3 h (54 J/cm2) compared
with the respective unexposed samples. There was no significant de-
crease in GSH levels prior to this dose. The extracellular GSSG concentra-
tion of the light-exposed samples increased significantly at 3 h exposure
(54 J/cm2) (p b 0.05) when compared with their respective unexposed



Fig. 1.Detection of ROS production in immortalised rat osteoblasts upon exposure to 5mW/cm2 405nm light for 1, 1.5, 2, 2.5 and 3h (18, 27, 36, 45&54 J/cm2 respectively), using carboxy-
H2DCFDA. (A) Visual detection using fluorescencemicroscopy at an excitationwavelength of 450–490 nmand emissionwavelength of 515–565 nmand (B)measurement offluorescence
intensity at an excitation wavelength of 495 nm and emission wavelength of 525 nm. Data (Mean ± SEM, n = 4 independent experiments and all samples were duplicated in each
experiment) were analysed using one-way ANOVA plus Dunnett's post-hoc test. * indicates a significant difference (p b 0.05) between light-exposed and unexposed samples.
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samples (Fig. 2). The amount of intracellular GSH lost from the cells
(nmol) was accounted for by the gain in extracellular GSSG (nmol). Tak-
ing the data from those presented on Fig. 2, 0.21 ± 0.02 nmol of GSH lost
Fig. 2. Intracellular GSH concentration and extracellular GSSG concentration of rat osteoblast
respectively). Data (Mean ± SEM, n = 4 independent experiments and all samples were dup
significant difference (*, p b 0.05) between light-exposed and unexposed samples.
from the cells were accounted for by a gain of 0.09 ± 0.03 nmol GSSG in
the extracellular buffer between exposure periods of 2.5 and 3 h (45 and
54 J/cm2 respectively).
s exposed to 5 mW/cm2 405 nm light for 1, 1.5, 2, 2.5 and 3 h (18, 27, 36, 45 & 54 J/cm2

licated in each experiment) were analysed using unpaired Student's t-test; * indicates a



Fig. 3. Protein concentration of rat osteoblasts exposed to 5 mW/cm2 405 nm light at a
dose of 54 J/cm2 (3 h exposure), in the absence (DPBS alone) and presence of ROS
scavengers: sodium pyruvate (1 mM), DMTU (1 mM) and catalase (50 U/ml).
Measurements were made 48 h post-treatment. Data (Mean ± SEM, n = 4 independent
experiments and all samples were duplicated in each experiment) were analysed using
an unpaired Student's t-test to detect significant differences between light-exposed and
unexposed samples; (*, p b 0.05; **, p b 0.001) and one-way ANOVA plus Dunnett's
post-hoc test to detect significant differences between light-exposed samples in the
presence and absence of scavengers (*, p b 0.05, denoted by line connectors).

Fig. 4. % of cellularMTT reduction of rat osteoblasts exposed to 5mW/cm2 405 nm light at
a dose of 54 J/cm2 (3 h exposure), in the absence (DPBS alone) and presence of ROS
scavengers: sodium pyruvate (1 mM), DMTU (1 mM) and catalase (50 U/ml). Control
taken as 100%, is unexposed cells treated with or without individual scavengers.
Measurements were made 48 h post-treatment. Data (Mean ± SEM, n = 3 independent
experiments and all samples were quadrupled in each experiment) were analysed using
an unpaired Student's t-test to detect significant differences between light-exposed and
unexposed samples (**, p b 0.01; ***, p b 0.001); and one-way ANOVA plus Dunnett's
post-hoc test to detect significant differences between light-exposed samples in the
presence and absence of scavengers (*, p b 0.05, denoted by line connectors).
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3.3. Mammalian cell viability in the presence and absence of ROS
scavengers

Having shown generation of elevated ROS levels in bothmammalian
and bacterial cells during exposure to 405 nm light, experiments were
carried out to find out whether or not cell viability was affected, and
whether free radical scavengers could offer cell protection. Data in
Fig. 3 show significantly decreased protein content for 405 nm light-
treated samples exposed for 3 h (54 J/cm2) in DPBS alone (p b 0.001),
compared with the unexposed control. Interestingly, there was no sig-
nificant decrease in protein content of the samples exposed to the
same dose in the presence of sodium pyruvate (1 mM) and catalase
(50 U/ml), compared with their respective unexposed controls.
This demonstrates that the sodium pyruvate and catalase were
able to prevent the loss of protein observed in non-scavenger ex-
posed cells exposed to 405 nm light for 3 h. DMTU did not protect
the light exposed cells when compared to either the cells exposed
in the absence of scavengers (p N 0.05), or unexposed DMTU treated
control cells (p N 0.05).

When light toxicity wasmeasured in terms of % of cellularmetabolic
activity (Fig. 4), only catalase offered complete protection from the ef-
fects of 405 nm light. In the presence of both sodium pyruvate and
DMTU the toxicity of the light was evident by the decrease in % of cellu-
lar metabolic activity.
3.4. ROS detection in bacterial cells using carboxy-H2DCFDA

In the bacteria, the accumulation of fluorescence is also shown both
bymicroscopic images (Fig. 5A) and by quantitative spectrofluorimetry
(Fig. 5B). The fluorescence intensity measurement for the unexposed
bar (Fig. 5B)was averaged over all exposure time points. This procedure
was justified because there was no significant difference between the
unexposed samples at all time points (p N 0.05), using one-way
ANOVA plus Tukey post hoc test. Data in Fig. 5A & B show a significant
increase in green fluorescence in 405 nm light-treated samples at expo-
sure periods of 1 and 3 h (54 J/cm2 and 162 J/cm2 respectively) when
compared with their respective controls, using one-way ANOVA plus
Dunnett's post-hoc test. The green fluorescence of 405 nm treated
samples decreased at an exposure period of 6 h (324 J/cm2) compared
to the 3 h (162 J/cm2) exposed samples.

3.5. ROS detection and measurement in bacterial cells in the presence of
scavengers using carboxy-H2DCFDA

To check for a decrease in ROS production in bacterial cells in the pres-
ence of scavengers, carboxy-H2DCFDA was used. A dose of 162 J/cm2

(15 mW/cm2 for 3 h) was selected for use as it was the mid-point on
the inactivation curve (Fig. 7). Data show, both visually (Fig. 6A) and spec-
troscopically (Fig. 6B), that least increase influorescence is producedwith
the cells exposed in the presence of sodium pyruvate and the scavenger
combination, which correlates well with the cell viability results (Fig. 7).

3.6. Bacterial cell viability in the presence and absence of ROS scavengers

Exposure of S. epidermidis to 405 nm light in the absence of scaven-
gers produced significant population reductions (Fig. 7), with a 4.8-
log10 reduction at an exposure period of 3 h (162 J/cm2) (p b 0.001), in-
creasing to a 7-log10 reduction by 6 h (324 J/cm2) (p b 0.001). Due to the
high (109 CFU/ml) population density used, higher concentrations of
ROS scavengers than those used for the mammalian cell study
(100 mM sodium pyruvate, 100 mM DMTU), 200 U/ml catalase) were
used to investigate whether they exerted a protective effect on bacterial
cells exposed to 405 nm light. Results showed that when cells were ex-
posed in the presence of sodium pyruvate, bacterial inactivation was
significantly reduced, with only 2.8-log10 reduction achieved after a
3 h exposure period: 2-log10 less than in the absence of scavengers. A
degree of protection was observed with catalase, with 1.1-log10 less in-
activation at 3 h, than in the absence of scavengers (p b 0.05), however,
by 6 h, the bacterial population had decreased to a similar level as mea-
sured without scavengers. DMTU appeared to offer no protection to
405 nm light-exposed cells at the concentration used in this study. In-
terestingly, the greatest protection was afforded by the combined use
of the three scavengers, with inactivation at 3 h reduced by 3.5 log10
compared to that in the absence of scavengers (p b 0.05). By 6 h, protec-
tion from the scavenger combination was similar to that exerted by the
sodium pyruvate.



Fig. 5.Detection of ROS production using carboxy-H2DCFDA in the bacterium Staphylococcus epidermidis, at a population of 109 CFU/ml, upon exposure to 15mW/cm2 405 nm light for 1, 3
and 6 h (54, 162, 324 J/cm2 respectively). (A) Visual detection using fluorescence microscopy at an excitation wavelength of 450–490 nm and emission wavelength of 515–565 nm and
(B) measurement of fluorescence intensity at an excitation wavelength of 495 nm and emission wavelength of 525 nm. Data (Mean ± SEM, n = 3 independent experiments and all
samples were duplicated in each experiment) were analysed using one-way ANOVA plus Dunnett's post-hoc test. * indicates a significant difference (p b 0.05) between light-exposed
and unexposed samples.
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4. Discussion

While investigating the effects of 405 nm light on normal func-
tion, proliferation rate and viability of rat osteoblasts, it was found
that an exposure period of more than 2 h at an irradiance level of
5 mW/cm2 (N36 J/cm2) was toxic to cells leading to an impairment
in cell function and cell death (Ramakrishnan et al., 2014). Hence,
the mechanism(s) responsible for cell kill by 405 nm light were
sought to find out whether oxidative stress was involved. Glutathi-
one exists in both reduced (GSH) and oxidised (GSSG) states. The
ratio of reduced to oxidised glutathione within cells is often used
as a marker of cellular toxicity (Carelli et al., 1997; Locigno and
Castronovo, 2001; Noctor and Foyer, 1998; Townsend et al., 2003)
and an increase in GSSG concentration has been reported to be an in-
dicator of oxidative stress (Aukrust et al., 1995). GSSG is expelled
from cells rapidly and accumulates extracellularly.

When oxidative stress occurs within a cell, excessive production of
ROS overwhelms the cellular antioxidant defence systems. Enhanced
production of ROS in the cells leads to lipid peroxidation, protein and
nucleic acid oxidation, enzyme inhibition and activation of programmed
cell death pathway, ultimately causing cell death (Sharma and Dubey,
2005; Meriga et al., 2004; Mittler, 2002; Shah et al., 2001). During pho-
tosensitization of the cell, it is thought that the porphyrin molecules
present within the cell absorb light energy and become excited from
the singlet ground state, to a singlet excited state, which then undergoes
intersystem crossing to the triplet state (Chiaviello et al., 2011). The
excited photosensitizer can then react with either ground state triplet
oxygen to form excited state singlet oxygen (1O2), or with cell compo-
nents to form free radicals and radical ions. The half-life of some of
these free radicals is in the range of 10−6 (O2•− and 1O2) to 10−9 s
(•OH).

A significant increase in green fluorescence for the 405 nm treated
samples for up to an exposure period of 2 h, clearly indicates that
there was an overproduction of ROS present (Fig. 1). One of the reasons
for the reduction of green fluorescence within the 405 nm treated cells
at 2.5 and 3 h, compared to the 2 h exposed samples, could be due to the
cells dying. The dying cells would have damaged membranes, and as a
result intracellular esterases would be lower in concentration, resulting
in less deacetylation of the non-fluorescent dye molecule, and further-
more the fluorescent dye formed could escape from the cells. Alterna-
tively, there is also a possibility that the cells might have upregulated
their intrinsic antioxidant capacities, counteracting the increased ROS
formation at high doses of 405 nm light exposure i.e. 2.5 and 3 h. How-
ever from our earlier study on mammalian cell viability post-405 nm
light exposure (Ramakrishnan et al., 2014), there was a significant re-
duction in cell viability, function and proliferation rate in 405 nm light
exposed samples at 2.5 and 3 h, after a 48 and 72 h post-treatment pe-
riod. This also suggests that the reduction in green fluorescence ob-
served at higher exposure periods of 405 nm light is likely due to the
cells dying.

Experimentsmeasuring theGSH/GSSG concentration ofmammalian
cells were carried out post-405 nm light treatment at different time



Fig. 6. Detection of ROS production in Staphylococcus epidermidis, at a population of 109 CFU/ml, exposed to 162 J/cm2 405 nm light (15 mW/cm2 for 3 h) in the absence (in PBS) and
presence of ROS scavengers, using carboxy-H2DCFDA. The scavengers used were: 100 mM sodium pyruvate, 100 mM DMTU, 200 U/ml catalase, and a combination of the three (at the
same concentrations). (A) Visual detection using fluorescence microscopy at an excitation wavelength of 450–490 nm and emission wavelength of 515–565 nm and (B) measurement
of % increase in fluorescence intensity compared to non-exposed control, at an excitation wavelength of 495 nm and emission wavelength of 525 nm. Control taken as 100% is
unexposed cells treated with or without scavengers. Data (mean ± SEM, n = 3 independent experiments and all samples were duplicated in each experiment) were analysed using
an unpaired Student's t-test to detect significant differences between light-exposed and unexposed samples (*, p b 0.05; **, p b 0.001); and using one-way ANOVA plus Dunnett's post-
hoc test to detect significant differences between light-exposed sample in the presence and absence of scavengers (*, p b 0.05, denoted by line connectors).
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periods ranging from1–3 h. In Fig. 2, the results showed a significant de-
crease in intracellular GSH concentration and a significant increase in
extracellular GSSG production at 3 h for the 405 nm treated samples,
thus indicating oxidative stress in the cells.

Normally, cells defend themselves against ROS damagewith enzymes
such as catalases, superoxide dismutases and glutathione peroxidases,
and antioxidants such as α-tocopherol, ascorbic acid, uric acid and gluta-
thione (Ames et al., 1981; Faraci and Didion, 2004; Li et al., 1995; Packer
et al., 2001; Padayatty et al., 2003; Pompella et al., 2003; Tanaka et al.,
2002). In order to find out whether scavengers, when added externally
to cells, limited the toxic effects of ROS and provided cell protection, sodi-
um pyruvate (a H2O2 scavenger) (Desagher et al., 1997), DMTU (a •OH
scavenger) (Bruck et al., 2001) and catalase (detoxifies H2O2)
(Schimmel and Bauer, 2002) were added to mammalian cells during
405 nm light treatment. Figs. 3 and 4 show that after a dose of 54 J/cm2

(5 mW/cm2 for 3 h) and a 48 h post-treatment period, 50 U/ml catalase
offered complete protection to 405 nm treated osteoblasts. Hockberger
et al. (1999) also showed that light in the violet-blue region led to ROS
formation inmammalian cells, especially H2O2, and that catalasewas pro-
tective against this H2O2 insult (Hockberger et al., 1999). It is known that
H2O2, which is produced from O2•− by the action of superoxide dismut-
ase, is relatively stable and can last for many seconds within the cell, so
it is likely to exert significant effects on the cellular biochemistry in that
time. However, it is also highly permeable to cell membranes, and may
have been released from the cells, whichwould explainwhy extracellular
catalase can be cytoprotective although it does not penetrate the cell
membrane. In this study sodiumpyruvatewhich is also aH2O2 scavenger,
did showaprotective effect towards 405nmtreated sampleswhen inves-
tigating protein concentration but did not have a cytoprotective effect at
1mM(or at 10mM(data not shown)) in terms of % cellularmetabolic ac-
tivity. From the literature it is suggested that pyruvate at similar concen-
trations causes acidification of cell cytosol. If cytosolic pH is reduced, this
will affect the ability of reductase enzymes to reduce MTT, possibly ac-
counting for a decrease inMTT reduction.No suchdecrease in attachedvi-
able cells measured by protein was observed after treatment with
pyruvate, indicating that the decrease in pH is sub-lethal (Desagher
et al., 1997). DMTU, did not significantly protect the cells fromdying, pos-
sibly due to the short half-life (10−9 s) of •OH radicals.

As with the damage to mammalian cells, the bactericidal effect of
405 nm light (Bache et al., 2012; Maclean et al., 2009, 2013, 2015;



Fig. 7.Viability of Staphylococcus epidermidis exposed to 15mW/cm2 405 nm light for 3 and 6 h (162& 324 J/cm2) in the absence (in PBS) and presence of ROS scavengers: 100mMsodium
pyruvate, 100 mM DMTU, and 200 U/ml catalase. Bacteria were also exposed to a combination of the scavengers, at the same concentrations. Data (mean log10 CFU/ml ± SEM, n = 4
independent experiments and all samples were duplicated in each experiment) were analysed using a one-way ANOVA plus Dunnett's post-hoc test. * indicates a significant difference
(p b 0.05) between light-exposed samples in the presence and absence of scavengers. No significant change was detected in the non-exposed control samples over the duration of the
experiment (p N 0.05).
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McKenzie et al., 2014; Ramakrishnan et al., 2014) is also thought to be
caused by photoexcitation of endogenous porphyrins within the cell
leading to the production of ROS. This study aimed to confirm that a
similar cytotoxic mechanism exists in mammalian and bacterial cells.
To detect ROS production, the DCFDA dye, which has previously been
used to detect ROS in bacteria including Escherichia coli and Staphylococ-
cus aureus (Hwan et al., 2011; Jung et al., 2003), detected an increase in
green fluorescence in 405 nm treated bacterial samples after 1 and 3 h
exposure periods, thus clearly indicating an overproduction of ROS
within the 405 nm treated cells (Fig. 5). The decrease in green fluores-
cence after an exposure period of 6 h compared to the 3 h exposed sam-
ple is again likely due to dying bacterial cells, as observed with the
mammalian osteoblasts.

The effectiveness of scavengers on S. epidermidis during 405 nm light
treatments was studied by measuring viable bacteria (log10 CFU/ml)
after a 24 h post-treatment period and by spectrofluorometric and mi-
croscopic measurement of ROS production. Results showed that bacte-
rial inactivation could be significantly reduced when cells are exposed
to the light in the presence of certain scavengers. Sodium pyruvate
proved to be the single most effective ROS scavenger, indicating that,
as in the case of themammalian cells, H2O2 is oneof the key ROS respon-
sible for bacterial cell death. Catalase offered a degree of protection at
the mid-point of the inactivation kinetics, however, possibly due to
the concentration used not being sufficient to offer protection against
large amounts of intracellular H2O2, it became ineffective at the later
point in the inactivation curve. DMTU did not have an effect on cell via-
bility indicating that either •OH caused less toxic damage to cells due to
its short life span (10−9 s) or the concentration of DMTU used was not
sufficient enough to offer any protection. The combined use of the three
scavengers offered most protection to the 405 nm exposed bacteria
cells, thus suggesting that the different ROS may each exhibit different
levels of toxicity and play a role to some extent.

Overall, this study has demonstrated that exposure to toxic levels of
405 nm light induces over-production of ROS in both mammalian and
bacterial cells, and that oxidative stress plays a key role in cell death. It
was not possible to directly compare the ROS generation and viability
of the mammalian and bacterial cells, because for spectrofluorometric
analysis and fluorescence microscopy visualisation of the bacteria, the
use of significantly higher population densities was required, making
direct comparison of results difficult. These increased bacterial popula-
tion densities meant that increased doses of 405 nm light needed to
be used to exert cell damage, and higher scavenger concentrations
were thus needed to investigate of any protective effects.

Nonetheless, despite these limitations, results have clearly demon-
strated that the cytotoxic mechanism triggered in both mammalian
cells and bacterial cells upon exposure to 405 nm light has distinct
similarities, with both processes involving oxidative damage via the
production of ROS, with H2O2 appearing to have a key role in cellular
damage in both cases.
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