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ABSTRACT
The antimicrobial properties of light is an area of increasing
interest. This study investigates the sensitivity of the signiﬁcant
foodborne pathogen Listeria monocytogenes to selected wavelengths of visible light. Results demonstrate that exposure to
wavelength region 400–450 nm, at sufﬁciently high dose levels
(750 J cm)2), induced complete inactivation of a 5 log10 population. Exposure to wavelengths longer than 450 nm did not cause
signiﬁcant inactivation. Analysis of 10 nm bandwidths between
400 and 450 nm conﬁrmed 405(±5) nm light to be most effective
for the inactivation of L. monocytogenes, with a lesser bactericidal effect also evident at other wavelengths between 400 and
440 nm. Identiﬁcation of the optimum bactericidal wavelength
enabled the comparison of inactivation using 405(±5) nm ﬁltered
light and a 405 nm light-emitting diode (LED) array (14 nm
FWHM). Results demonstrate similar inactivation kinetics,
indicating that the applied dose of 405 nm light is the important
factor. Use of the 405 nm LED array for the inactivation of
L. monocytogenes and other Listeria species resulted in similar
kinetics, with up to 5 log10 reductions with a dose of 185 J cm)2.
Comparative data for the 405 nm light inactivation of
L. monocytogenes and other important foodborne pathogens,
Escherichia coli, Salmonella enteritidis and Shigella sonnei, are
also presented, with L. monocytogenes showing higher susceptibility to inactivation through 405 nm light exposure.

INTRODUCTION
Light inactivation of microorganisms is a research area of
increasing interest, not least due to the emergence of resistance
to a number of other control methods including the use of
disinfectants and antibiotics. For photodynamic inactivation,
bacterial exposure to visible-light energy, typically wavelengths
in the visible region, causes the excitation of photosensitizer
molecules (either exogenous or endogenous), which results in
the production of singlet oxygen (1O2) and other reactive
species that react with intracellular components, and consequently induce bacterial cell inactivation (1–5).
Visible light, in combination with a wide range of exogenous photosensitizing molecules such as methylene blue, the
cationic thiazine dye toluidine blue, cationic porphyrins,
phthalocyanines and chlorins, is well established as being an
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effective antimicrobial treatment, successfully demonstrated to
inactivate bacteria, yeast, fungi, protozoan, parasites and
viruses (6–11). Photodynamic inactivation of bacteria through
visible-light exposure alone is thought to be caused by the
excitation of endogenous photosensitizing molecules present
within the bacterial cell, resulting in the production of reactive
bactericidal chemical species generated in the same way as
occurs with the use of exogenous photosensitizers. Previous
studies have indicated that these endogenous photosensitizer
molecules are porphyrins (6,12–14).
This study focuses on the sole use of visible light for the
inactivation of the bacterium Listeria monocytogenes. This is
an important Gram-positive bacterial foodborne pathogen,
which causes listeriosis, a signiﬁcant foodborne illness with a
high mortality rate in the range of 20–30% (15,16). This study
investigates for the ﬁrst time the sensitivity of L. monocytogenes to selected wavelengths of visible-light using a continuous
xenon white-light source in combination with a range of
optical ﬁlters. The ﬁnding that within the visible-light spectrum
the optimum wavelength for inactivation was 405(±5) nm
then enabled a comparison of bacterial inactivation to be made
using two different sources of 405-nm light: ﬁltered light from
a broadband xenon lamp (405 ± 5 nm) and light from a
405 nm light-emitting diode (LED) light source, with a fullwidth half-maximum (FWHM) of 14 nm. Comparative data
for the 405 nm light inactivation of other Listeria species
(L. ivanovii and L. seeligeri), and also the important foodborne
pathogens Escherichia coli 0157:H7, Salmonella enteritidis and
Shigella sonnei, are also presented.

MATERIALS AND METHODS
Microorganisms. The microorganisms used in the study were Listeria
monocytogenes NCTC 11994, Listeria ivanovii NCTC 11846, Listeria
seeligeri NCTC 11856, Salmonella enterica NCTC 4444, Escherichia
coli 0157:H7 NCTC 12900, all obtained from the UK National
Collection of Type Cultures, and Shigella sonnei LMG 10473, sourced
from the Belgian Co-ordinated Collections of Micro-organisms.
Listeria species are Gram-positive bacteria, and S. enterica, E. coli
and Sh. sonnei are Gram-negative bacteria. Microorganisms were
cultivated in 100 mL tryptone soya broth (TSB) (Oxoid, UK) at 37C
under rotary conditions (120 rpm). After an 18–24 h incubation period,
the cultures were centrifuged for 10 min at 3939 g, and the cell pellet
resuspended in 100 mL phosphate-buffered saline (PBS) (Oxoid, UK).
The microbial suspensions were then serially diluted in PBS to provide a
population density of 105 CFU mL)1 for experimental use.
Wavelength sensitivity of L. monocytogenes. The wavelength sensitivity of L. monocytogenes was determined by exposing bacterial
suspensions to various wavelengths of light and assessing the different
levels of inactivation achieved. An illustration of the experimental
arrangement used to assess the wavelength sensitivity is presented in
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Figure 2. Experimental arrangement for inactivation of Listeria monocytogenes using high-intensity 405 nm light from an LED array.
Figure 1. Experimental arrangement for investigation of the wavelength sensitivity of Listeria monocytogenes.

Fig. 1. The light source used was a 150 W continuous xenon
broadband white-light source (Lightningcure LC5, Hamamatsu Photonics UK, Ltd.), in conjunction with a range of optical ﬁlters. For
light-treatment, 2 mL volumes of bacterial suspension (7 mm depth)
were held in one well of a 12-well multidish (B 22 mm) (Nunc,
Denmark), with a light shield placed around the well to avoid samples
being exposed to unﬁltered light. Optical ﬁlters were placed on top of
the sample well and bacterial suspensions exposed to ﬁltered-light
treatment. In order to identify which region of light the bacteria were
most sensitive, bacterial suspensions were ﬁrstly exposed to broadbandwidths of light with an irradiance of 126 mW cm)2 (measured
using a radiant power meter). This was performed using a range of
short-wave pass (SWP) and long-wave pass (LWP) ﬁlters: 500 nm
SWP, 400 nm LWP, 450 nm LWP, and the 500 nm SWP and 400 nm
LWP ﬁlters combined. Upon identiﬁcation of the broadband wavelength region to which the bacteria were most sensitive, samples were
subsequently exposed to narrow bandwidths of light, with an
irradiance of 7–8 mW cm)2, using a selection of narrow bandpass
ﬁlters (FWHM, 10 nm): 400, 405, 410, 415, 420, 430, 440 and 450 nm.
During exposure, samples were continuously agitated using a
magnetic stirring plate in order to ensure uniform suspension of the
bacteria. Control samples were also set up which were agitated and left
in laboratory lighting conditions. Due to the bacterial suspension
having a population density of 105 CFU mL)1, and the depth of the
suspension being 7 mm, there is no measurable attenuation of the light
through the suspension (12). After exposure, test and control samples
were immediately plated onto tryptone soya agar (TSA) plates using
standard microbiological plating methods, and incubated at 37C for
24 h before enumeration. Fifty-microliter spiral plate or 100 lL spread
plate samples were prepared (WASP 2 spiral plater; Don Whitley
Scientiﬁc), with each sample being plated in triplicate (at least). If low
counts were expected, a larger volume (1 mL) of the test sample was
plated for enumeration, thereby providing a detection limit of
1 CFU mL)1.
Exposure to 405 nm high-intensity light. The 405 nm light source
used was an LED array with 99 closely packed LEDs in a 11 · 9
matrix (OptoDiode Corp.), and had an output emission bandwidth of
405 nm (14 nm FWHM). To ensure that any heat produced by the
LED array was low and had no effect on the test samples, the array
was bonded to a heat sink and fan, and this was mounted in a
polyvinyl chloride (PVC) housing designed to include air vents,
permitting ventilation around the array and sample dish, preventing a
build-up of heat.
For bacterial exposure, a similar experimental set-up was utilized
(Fig. 2). Two-mililiter volumes of bacterial suspension were held in the
well of a 12-well multidish, with the PVC housing placed on top in
order that the LED array was positioned directly above the sample
well. Samples were continuously agitated and exposed to increasing
durations of 405 nm light, before being plated onto TSA and
incubated at 37C for 24 h. Control samples were set up using the
same procedure but exposed to laboratory lighting.
To ensure that light exposure did not induce a bactericidal effect in
the PBS, 2 mL volumes of PBS (without bacteria) were exposed to
405 nm light, and bacterial populations added postexposure were

monitored and compared with those added to nonexposed PBS
controls.
L. monocytogenes was also exposed to 405 nm light in the presence
of 100 mM dimethylthiourea (DMTU), a scavenger of reactive oxygen
species (ROS), in order to determine whether the presence of an
oxygen scavenger inhibited the inactivation process. Exposures were
performed following the same method described above.
405 nm dose-dependence experiments. In order to investigate the
dependence of the applied dose of 405 nm light on the inactivation of
suspensions of L. monocytogenes, samples were exposed to four
different doses: 61.6, 92.5, 123.3 and 154.1 J cm)2. Samples were
exposed to these doses using four different irradiances levels (8.6, 44.7,
66.1 and 85.6 mW cm)2), with the exposure time adjusted in order to
maintain the same dose exposure for each experiment, as according to
the equation:
H ¼ Et

ð1Þ
)2

)2

where, H is the radiant exposure (dose) in J cm or mJ cm , E is the
irradiance in W cm)2 or mW cm)2 and t is the exposure time in seconds (17).
Measurement of sample temperatures during light exposure. Sample
temperatures were monitored before and after each exposure using a
digital thermometer and thermocouple (Kane May 340) with an
accuracy of ±0.2%. No signiﬁcant effects were observed to occur,
with the maximum sample temperature recorded as 32C after the
longest exposure time of 144 min. This ensured that the inactivation of
L. monocytogenes, and the other organisms tested, was a result of
visible-light exposure alone and not due to any thermal effects.
Consistent population densities of the nonlight-exposed control
samples also veriﬁed that there was also no lethal temperature change
as a result of heat generation by the magnetic stirring plate.
Statistical analysis. In this study, all data were taken with a
minimum three replicates for each independent experiment, and the
results documented as mean values with standard deviation (SD) being
included. Signiﬁcant differences in experiments were calculated from
the data analysis using ANOVA (one way) with 95% conﬁdence
interval and P £ 0.05 using MINITAB Release 16.

RESULTS
Visible-light exposure
SWP and LWP ﬁlters were selected to assess the wavelength
sensitivity of L. monocytogenes to inactivation within the range
400–500 nm. Figure 3 shows the effect of different light
wavelength ranges on suspensions of L. monocytogenes. It
can be seen that, for the same applied dose level, the most
rapid inactivation rate was found upon exposure to wavelengths of 500 nm and less, with a 5.1 log10 reduction in
bacterial population after exposure to a dose of 604.8 J cm)2,
and this is likely due to the inclusion of UV wavelengths in the
exposing light spectrum. Within the visible-wavelength region
tested, L. monocytogenes was most susceptible to light of
wavelength 400–500 nm, with an approximately 50% faster
inactivation rate, at the same applied dose level, than that
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Table 1. Wavelength sensitivity of Listeria monocytogenes following
exposure to 10 nm bandwidths of light from 400 to 450 nm, each
exposed to a dose of 123.3 J cm)2.
Bandwidth
(nm)
400
405
410
415
420
430
440
450
Figure 3. Inactivation of Listeria monocytogenes in liquid suspension,
upon exposure to differing regions of broadband light using short- and
long-wave pass ﬁlters. * indicates where a light-exposed bacterial count
was signiﬁcantly different from the nonexposed control count
(P £ 0.05 calculated at the 95% conﬁdence interval).

found when exposed to wavelengths of 400 nm and above. It
can be observed from Fig. 3 that the applied dose of
1360.8 J cm)2 for >450 nm light had almost no effect on
the 105 CFU mL)1 population of L. monocytogenes, with only
an approximately 0.1 log10 reduction in bacteria cell population being achieved. This conﬁrms that the visible wavelengths
inducing L. monocytogenes inactivation were within the visible
wavelength region ranging from 400 to 450 nm.
Bandpass ﬁlters (10 nm bandwidth) were subsequently used
to identify the narrow bandwidth of visible light between 400
and 450 nm to which the bacteria were most sensitive. Samples
exposed to each 10 nm bandwidth between 400 and 450 nm
received a dose of 123.3 J cm)2. Data presented in Table 1
demonstrate that statistically signiﬁcant log10 reductions in
bacterial population were achieved through exposure to
400–440 nm bandwidths; however, the bacteria were
found to be most sensitive to wavelengths in the region of
400–410 nm, with the highest sensitivity shown with exposure
to 405(±5) nm light.
Comparison of inactivation using 405 nm ﬁltered light and a
405 nm LED array
As a comparison, suspensions of L. monocytogenes were
exposed to equivalent doses of 405 nm light, using an
irradiance level of 8.6 mW cm)2 from both the broadband
xenon lamp in combination with the 405 nm optical ﬁlter
(10 nm FWHM), and the 405 nm LED array (14 nm FWHM).
The resultant bacterial inactivation data (Fig. 4) show that the
same pattern of reduction in bacterial population is shown
with exposure to both light sources, with no detectable survival
(<1 CFU mL)1) of a 105 CFU mL)1 population of L. monocytogenes observed after exposure to 405 nm light at a dose of
185 J cm)2 in both cases. Statistical analysis of the data also
determined that there was no signiﬁcant difference between
each of the data points for inactivation using the 405 nm
ﬁltered light versus the 405-nm LED array.
Effect of an oxygen scavenger on the inactivation process
L. monocytogenes was exposed to 185 J cm)2 405 nm light in
the presence of DMTU. Results demonstrated that there was

±
±
±
±
±
±
±
±

5
5
5
5
5
5
5
5

Irradiance
(mW cm)2)
7.5
8.6
7.2
7.5
7.7
7.3
8.3
8.3

Log10 (N ⁄ N0)
reduction
1.05*
1.45*
1.23*
0.51*
0.25*
0.19*
0.11*
0.04

(±0.00)
(±0.14)
(±0.77)
(±0.63)
(±0.06)
(±0.22)
(±0.06)
(±0.02)

Statistical
signiﬁcance
(P-value £0.05)
0.000
0.000
0.001
0.003
0.005
0.031
0.034
0.410

*Signiﬁcant bacterial log10 reductions when compared with the
nonexposed control samples, calculated at a 95% conﬁdence interval.

Figure 4. Comparative data for inactivation of Listeria monocytogenes
through exposure to 405 nm ﬁltered light (using xenon broadband
light with a 405[±5] nm bandpass ﬁlter), and a 405(±5) nm highintensity LED array, both with an irradiance of 8.6 mW cm)2. No
signiﬁcant differences were observed between the inactivation kinetics
for the light sources.

no signiﬁcant change in the bacterial population when exposed
to 405 nm light in the presence of the scavenger DMTU
(5.36 log10 CFU mL)1 [±0.02 SD] versus 5.38 log10 CFU
mL)1 [±0.02 SD] nonexposed control population). As determined in the previous experiment, exposure to a dose of
185 J cm)2 resulted in no detectable survival when bacteria
were exposed in the absence of the scavenger.
Dose-dependence experiments
Figure 5 shows the results of dose-dependence experiments for
the inactivation of L. monocytogenes in liquid suspension
through exposure to the 405 nm LED array. It can be
observed from Fig. 5 that over the range of applied dose, of
approximately 62–154 J cm)2, the inactivation rate of
L. monocytogenes is relatively similar when the same dose is
applied using the four different light intensities. Statistical
analysis showed no signiﬁcant differences in inactivation rates
when irradiances of 44.7, 66.1 and 85.6 mWcm)2 are compared for the same applied dose. Although inactivation
kinetics were similar, statistically signiﬁcant differences in
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Figure 5. Dose-dependence experiments investigating the inactivation
rates of Listeria monocytogenes following exposure to a 405 nm highintensity LED array with differing irradiance levels. * indicates where a
light-exposed bacterial count was signiﬁcantly different from the
counts observed using the other irradiances at that particular applied
dose (P £ 0.05 calculated at the 95% conﬁdence interval).

inactivation rate were, however, found when using an irradiance of 8.6 mWcm)2 for bacterial inactivation at doses of 61.6
and 154.1 J cm)2. Overall, however, the results show that, over
the range tested, the dose required for bacterial inactivation—regardless of how it is applied—yields similar ﬁnal
populations.
Inactivation of bacteria using a high-intensity 405 nm LED
array
Figure 6 shows the results for the inactivation of L. monocytogenes through exposure to high-intensity 405 nm light
(14 nm FWHM) from an LED array, with an irradiance of
85.6 mW cm)2. For comparative purposes, inactivation data
were obtained for two further species of Listeria (L. ivanovii
and L. seeligeri) and also for the signiﬁcant Gram-negative
foodborne pathogens S. enterica, Sh. sonnei and E. coli
0157:H7. From Fig. 6, it can be seen that exposure to a dose
of 184.9 J cm)2 results in similar inactivation kinetics for all
three Listeria species tested, with 3.72 and 3.31 log10
reductions of L. monocytogenes and L. seeligeri, respectively,
and near-complete inactivation of L. ivanovii, which demonstrated a 4.12 log10 reduction in bacterial population. Exposure of suspensions of E. coli and Sh. sonnei to a dose of
554.7 J cm)2 resulted in 4.52 log10 and 3.9 log10 reductions,
respectively. Inactivation of S. enterica, however, required
exposure to higher doses of 405 nm light, with reductions of
1.36 log10 after a total dose of 739.6 J cm)2. The control
trend line in Fig. 6 is an average of the data from all
experiments and demonstrates that the unexposed populations show no signiﬁcant change over the duration of the
experiments.
In addition to this, PBS exposed to 739.6 J cm)2 (the
maximum dose of light exposure used in this study) did not
become bactericidal, with no change in population evident
between bacteria added to the exposed PBS, when compared
with the nonexposed PBS control, thus demonstrating that the
bactericidal effect was not caused by any light-induced changes
to the PBS-suspending medium.

1283

Figure 6. Inactivation of Listeria species and other signiﬁcant foodborne bacterial pathogens by exposure to 405 nm high-intensity light
from an LED array (14 nm FWHM) with an irradiance of
85.6 mW cm)2. * indicates where a light-exposed bacterial count was
signiﬁcantly different from the nonexposed control count (P £ 0.05
calculated at the 95% conﬁdence interval).

DISCUSSION
The combination of optical ﬁlters used in this study demonstrated that the most effective visible-light wavelengths for the
inactivation of L. monocytogenes were in the violet ⁄ blue region
between 400 and 450 nm. Comparison of inactivation results
using light comprised of all wavelengths >400 nm emitted by
the broadband source with results obtained using light
restricted to the 400–500 nm range also demonstrated that
the violet ⁄ blue light inactivation was not enhanced by the
presence of the longer wavelengths. When the transmitted light
was restricted to wavelengths >450 nm, no inactivation was
observed. Subsequent analysis of wavelengths between 400 and
450 nm demonstrated that L. monocytogenes was most sensitive to wavelengths of between 400 (±5) and 410 (±5) nm,
with highest sensitivity using 405 (±5) nm wavelength light.
Similar inactivation results were obtained using two different
sources of 405 nm light, one being from a 405 nm LED array
(14 nm FWHM) and the other 405 nm ﬁltered light (10 nm
FWHM) from a broadband xenon lamp, demonstrating that
the applied dose of 405 nm light is the important factor, not
other properties associated with the different light sources. A
previous visible-light wavelength sensitivity study of another
Gram-positive bacterium, Staphylococcus aureus, by Maclean
et al. (13) also found 405(±5) nm light to be an effective
wavelength for inactivation without the use of exogenous
photosensitizers.
Exposure of other Listeria species and the foodborne
pathogens E. coli, S. enterica and Sh. sonnei to 405 nm light
also demonstrated signiﬁcant bacterial inactivation, with the
inactivation kinetics of all the organisms investigated in this
study showing a similar sigmoidal shape to those from
previous studies on the bactericidal effect of 405 nm light
(12,13,18). Treatment of L. monocytogenes and the other
Listeria species using the 405 nm LED array resulted in similar
inactivation kinetics, suggesting that bacteria within the same
genus may undergo very similar inactivation reactions. When
compared with the Gram-negative foodborne pathogens,
Listeria had higher susceptibility to inactivation through
405 nm light exposure and a 5 log10 reduction was achieved
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upon application of a dose of 185 Jcm)2. Suspensions of E. coli
and Sh. sonnei required three to four times the dose for log
reductions similar to those achieved with Listeria. S. enterica
was found to be the least susceptible of the organisms tested,
with a reduction of approximately 1.3 log10 after exposure to
four times the dose (740 J cm)2). This is similar to the trend
found in the study by Maclean et al. (12), which showed that,
in general, Gram-positive organisms required lower doses of
405 nm light exposure for inactivation. A previous study
proposed that these different inactivation rates may be the
result of bacterial species producing differing types and levels
of intracellular porphyrins that can act as photosensitizer
molecules (19). If the peak absorption wavelengths of these
porphyrins differ, then different wavelengths may be required
for their optimum photostimulation.
In order to determine that the inactivation of Listeria and
the other organisms in this study using 405 nm light was a
result of an endogenous photodynamic reaction, it was
important to demonstrate that light exposure of PBS, the
bacterial suspending medium, did not induce the observed
bactericidal effects. Results demonstrated no bactericidal
effects of light-exposed PBS. In the case of photosensitization
studies that involve tissue treatment using photosensitizer
dyes, it would be difﬁcult to distinguish between what was
happening exogenously and endogenously. However in this
study, bacteria were exposed while suspended in PBS, and as
no photochemical biocidal effect was produced in the PBS, the
photoinactivation observed in this study must be endogenous,
i.e. caused by chemicals associated with the bacteria.
There is limited existing data in the literature investigating
the inactivation of Listeria through visible-light exposure,
either with or without the addition of exogenous photosensitizers, and as far as the authors are aware, this study presents
for the ﬁrst time the inactivation of Listeria species through
exposure to 405 nm light without the addition of photosensitizer molecules or pretreatments. Several published studies
have suggested the role of endogenous porphyrin molecules as
the photosensitizer facilitating bacterial inactivation using
blue ⁄ visible light (12,14,20,21), and consequently a limitation
of the present work was that the content of endogenous
porphyrins within the bacteria was unable to be measured;
however, porphyrins are present in most microorganisms
including L. monocytogenes, which is known to possess
porphyrin hemoproteins including cytochromes and catalase
(22,23). Although the metal component of hemoproteins
quenches ROS and prevents participation in photosensitizing
reactions, their presence demonstrates that Listeria possesses
the porphyrin biosynthetic pathway and this is further
evidenced as Listeria produce endogenous photosensitizers in
the presence of exogenously supplied 5-aminolevulinic acid
(ALA) (24,25) with ALA being a key precursor in the
biosynthesis of microbial porphyrins (26). Further evidence
supporting the inactivation mechanism observed in the current
study being photodynamic inactivation through the excitation
of endogenous molecules is the nonreaction observed when the
bacteria were exposed in the presence of a scavenger. Photodynamic inactivation requires oxygen, and results in the
generation of a variety of ROS toxic to the bacterial cells
(27). The demonstration that inactivation did not occur in the
presence of the scavenger demonstrates that ROS are essential
for this process, and supports results documented in other

published papers investigating the visible-light inactivation of
bacterial species (28,29).
The sensitivity of L. monocytogenes to 405(±5) nm light
can also be seen by comparing the relative biocidal effectiveness of the transmitted light ranges in Figures 3 and 4. When a
dose of 185 J cm)2 is delivered through a narrow bandpass
ﬁlter or a 405 nm LED array (ensuring that the entire dose is
comprised of 405[±5] nm light), a 5 log10 inactivation was
achieved. However, when similar or indeed much higher light
doses are delivered through various LWP and SWP ﬁlters,
inactivation is much poorer and this simply reﬂects the much
smaller amount of bactericidal photons with the wavelength
405(±5) nm and the much greater amount of nonbiocidal
photons that are present in the light dose delivered through
these LWP and SWP ﬁlters. In the case of the LWP and SWP
ﬁlters, the spectral irradiance, E in Eq. (1), is a measurement
over the whole broadband wavelength range transmitted
through these ﬁlters (e.g. >400, 400–500, >450, <500 nm).
Conversely, the 405 nm narrow bandpass ﬁlter only allows the
transmission of a 10 nm bandwidth, therefore the value of
irradiance, E, is obtained over this 10 nm bandwidth. Therefore, for the same dose of 185 J cm)2, the number of photons
with a wavelength of 405 nm will be signiﬁcantly higher in the
case of the narrow bandpass ﬁlter than in the case of the
broadband ﬁlters. This explains the observed difference in the
inactivation efﬁciency of the same light dose of 185 Jcm)2 with
the different spectral content.
Previous work on the visible-light inactivation of Listeria
has involved preincubation with molecules that either increase
the synthesis of endogenous porphyrin levels prior to light
exposure or act as photosensitizing agents themselves. Vaitonis
and Lukšien_e (25) used high-powered LEDs with peak
wavelength at 400 nm and preincubation with ALA to achieve
photosensitization inactivation of several pathogens including
Listeria on food surfaces. Also Buchovec et al. (24) reported
that 7.5 mM ALA used in conjunction with a 400 nm LEDbased light source could be used to inactivate L. monocytogenes. They found a 3.7 log10 reduction on packaging material,
3.1 log10 reduction in bacterial bioﬁlm and 4 log10 reduction in
suspension after exposure to a dose of 20 J cm)2. Similar
approaches using preincubation with ALA to achieve photosensitization-based inactivation has also been used to achieve
enhanced inactivation of other bacteria including Bacillus
cereus (30) and S. enterica (31).
An alternative photodynamic treatment approach is the use
of exogenously added photoactive substances. Studies by
Brovko et al. and Brovko (32,33) have described a photodynamic method for the cleaning and disinfection of surfaces that
utilizes various nontoxic dyes as the photosensitizer. Protochlorophyllide, the natural intermediate of chlorophyll biosynthesis, has also been used as a photosensitizer for the
inactivation of various microorganisms including L. monocytogenes (34). In another study (35), a 405 nm LED, with an
intensity of 20 mW cm)2, was used in conjunction with
Na-Chlorophyllin (Na-Chl)-based photosensitization for the
inactivation of L. monocytogenes in PBS suspension and on
packaging surfaces. They found that with a dose of 36 J cm)2,
Listeria in suspension could be inactivated by 7 log10, and for
packaging surfaces, results demonstrated that Na-Chl-based
photosensitization was much more effective against Listeria
than washing with water or 200 ppm sodium-hypochlorite,
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with respective log10 reductions in bacterial population of 4.5,
1.7 and <1 being achieved (35). A 400 nm LED-based light
source along with Na-Chl-based photosensitization have also
been used for decontamination of the surface of strawberries,
with seeded populations of L. monocytogenes reduced by up to
98% after 30 min exposure to an irradiance of 20 mW cm)2
(36).
The results of the aforementioned studies highlight the
accelerated inactivation rates that can be achieved when
exogenous photosensitizer molecules are incorporated into
the system. The present work has highlighted the bactericidal
sensitivity of Listeria species to 405 nm light and, compared to
exposures involving exogenous photosensitizing agents, relatively high doses are required for inactivation. However, the
fact that this inactivation can be achieved solely through
exposure to 405 nm light without relying on the addition of
exogenous chemicals makes this approach a potentially interesting alternative for certain practical applications. The demonstration that the inactivation process is dose-dependent also
means that the inactivation of bacteria can be achieved using
both low-intensity light applied over longer exposure times and
high-intensity light over more rapid exposure times, giving it
ﬂexibility in how it can be applied. This study was limited by the
light output of the LED array used; however, development of
systems that use multiple- or high-power LED arrays ⁄ light
sources could enable the delivery of very high doses of 405 nm
light for localized decontamination applications.
It is also signiﬁcant that 405 nm light, which falls within the
visible-light region, does not require the same level of safety
exposure precautions associated with the use of UV light. The
application of UV light for inactivation of the foodborne
pathogen Listeria has been studied widely (37–42). Rapid
inactivation rates are achievable through the use of UV light;
however, the comparative safety advantage of 405 nm light
over UV light for some applications has now been demonstrated by studies in the clinical environment (43,44), where it
has been shown that 405 nm light can be used to achieve
enhanced decontamination of exposed surfaces in isolation
rooms over continuous periods in the presence of both patients
and staff. Lighting technology that utilizes the bactericidal
properties of 405 nm light may also have potential applications in other areas including the food industry sector, and the
results of this study, which demonstrate the sensitivity of the
signiﬁcant foodborne pathogen L. monocytogenes, support this
potential application.
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