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Abstract: The climate crisis is one of the biggest challenges for humanity in the 21st century. Produc-
tion and consumption of meat contributes to global warming by causing emissions of climate-relevant
gases. Freshly grown sprouts are part of an alternative, as they are less polluting but still a nutritious
food. However, warm humid sprouting conditions may cause pathogenic microorganisms to thrive.
Decontamination methods for raw sprouts are therefore relevant. Photodynamic Inactivation (PDI)
is a novel approach that uses photoactivatable molecules (photosensitisers, PS) and visible or near-
infrared light to produce reactive oxygen species (ROS). These ROS kill microorganisms by oxidative
processes. Here, we test the application of PDI based on sodium-magnesium-chlorophyllin (Chl, ap-
proved as food additive E140) for photo-decontamination of mung bean, radish, and buckwheat seeds.
Seeds were contaminated with Listeria innocua, serving as a model system for Listeria monocytogenes,
subjected to PDI using an LED array with 395 nm and tested for remaining bacterial contamination
by CFU counting. PDI based on 100 µM Chl reduces the bacterial load of mung bean and radish
seeds by 99.9% (radiant exposure 56.4 J/cm2 and 28.2 J/cm2, respectively), and of buckwheat seeds
by <90% reduction after illumination with 28.2 J/cm2. Neither weight nor the germination rates of
seeds are affected by PDI. Interestingly, the effect of PDI on seeds is partially maintained on stored
sprouts after germination: The bacterial load on mung bean sprouts is reduced by more than 99.9%
after phototreatment of seeds with 100 µM Chl and illumination at 56.4 J/cm2. In conclusion, we
suggest PDI based on Chl as an effective and biocompatible method for the decontamination of seeds
and sprouts for human consumption from Listeria.

Keywords: photodynamic inactivation; seeds; sprouts; chlorophyllin; Listeria innocua; shelf life;
decontamination; food

1. Introduction

The ever-worsening climate and biodiversity crisis pose the greatest challenges to
humanity in the 21st century. Agriculture is responsible for about one-third of global
greenhouse gas emissions [1], with the production of meat being the main driver [2]. A shift
to more plant-based diets is helpful to minimize the impact of agriculture on the climate, but
replacing nutritious meat is not always easy [3]. Freshly grown sprouts offer an alternative
to meat regarding various nutrients [4] while keeping a small environmental footprint [5].
However, as with meat, hygiene is obligatory when handling seeds and sprouts to prevent
the growth of pathogenic bacteria. A potential lack of hygiene was the most likely cause
of a major outbreak of the foodborne disease in 2011 caused by a pathogenic variant of
Escherichia coli. In Germany, the outbreak caused 838 cases of hemolytic uretic syndrome
and 2987 cases of gastroenteritis that claimed the lives of 47 people [6]. Tracing the source
led to shipments of fenugreek seeds from Egypt [7], demonstrating the relevance of this
food for food safety. Various pathogens may occur along the whole food production chain,
where they are combated by antibiotics (fed to livestock) [8], heat treatment [9], gamma-
irradiation [10], ozone [11], chlorine dioxide [12,13], or simple rinsing with water [14]. Even
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though these methods to lower pathogen levels are known and widely used, they still
might not be sufficient, considering that in 2020 there were 180,000 confirmed cases of food
and waterborne zoonosis-caused diseases in Europe [15]. In addition, the above-mentioned
use of antibiotics in animal husbandry promotes resistance to conventional antibiotics [8].
These antibiotic-resistant bacteria can be transmitted from animals [16] as well as non-
animal foodstuff [17] to humans, while other treatments can adversely the impact physical
properties of food, or its by-products can be toxic [14].

The causal agent of at least 1876 cases of listeriosis in the EU is the ubiquitously found
pathogenic bacterial species Listeria monocytogenes. It is a Gram-positive bacterium, that
can cause severe disease and death in susceptible individuals, such as pregnant or old
people [18]. Listeria monocytogenes can survive and reproduce in such a wide variety of
environmental conditions that reproduction can take place within the cooling chain of
foodstuff at 4 ◦C [19]. This explains why outbreaks still occur given the high food safety
standards in the European Union [20]. Listeriosis is the disease with the highest case
fatality rate (17%) of all food-borne-diseases. Furthermore, between 2008 and 2015 an
increase in listeriosis cases were observed [21]. Ready-to-eat (RTE) foodstuff, such as salads,
however, cannot be treated with most conventional methods, either due to legal constraints,
customer preferences, or the risk of inflicting damage to the products [22,23]. This can lead
to RTE foodstuff being contaminated with pathogens, including Listeria monocytogenes, in
developed countries such as Finland [24]. Since the treatments already in place are not
sufficient to prevent outbreaks of food-borne diseases development of new antimicrobial
approaches for food decontamination is required.

One of these potential methods is Photodynamic Inactivation (PDI). It is based on
light-sensitive compounds, called photosensitisers (PS), which produce reactive oxygen
species (ROS) when illuminated with the PSs corresponding wavelength, typically in the
visible light spectrum, which, in contrast to UV light, prevents harm to handlers of the
light sources. The short-lived ROS, on the other hand, destroys the PS itself by photo-
auto-destruction, which should dampen fears of bioaccumulation of the compounds in the
human body. The production of ROS by PDI is efficient in an aqueous environment, which
is usually given by the solvent of the PS [25]. PDI has already seen success in fighting
fungi [26,27], bacteria with [28] and without resistance towards antibiotics [29–33] as well
as multicellular organisms [34,35]. An additional benefit of multi-compound damage by
the ROS produced by PDI, is a lower chance of evolutionary resistance, in contrast to
regular antibiotics [36].

Natural photosensitisers, which are already classified as food additives, are ide-
ally suited for PDI of foodstuff, as the compounds are likely to be ingested by con-
sumers. Sodium magnesium chlorophyllin (Chl), for example, is listed as a food additive
E140 [37–40]. Both, the absorption spectrum and chemical structure of Chl have been pre-
viously published [26]. Given the fact that potential pathogens are present in food and can
reproduce even during refrigeration [19], PDI based on such photosensitisers could ensure
long-lasting food safety without affecting other properties of foodstuff [39]. Getting rid of
bacteria on foodstuff with PDI has already seen positive results on flat surfaces [33,37–40],
however a limitation so far has been the fact, that two-dimensional light sources might be
insufficient for complex geometries such as sprouts [30].

This study shall elucidate whether PDI based on Chl can reduce listeria on mung bean,
buckwheat, and radish seeds. Possible effects on their germination rate and the weight of
the sprouts shall be determined. Potential long-lasting effects of the PDI treatment of seeds
on the bacterial load of germinated and stored mung bean sprouts shall be assessed. As an
already established surrogate for Listeria monocytogenes, Listeria innocua will be used as a
model system [41–44].
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2. Material and Methods
2.1. Chemicals, Bacteria, and Seeds

Mung beans (Vigna radiata), buckwheat seeds (Fagopyrum esculentum), and radish
seeds (Raphanus sativus var. sativus) were obtained from the local organic supermarket
(all manufactured by Biosnacky Das Original, Rapunzel Naturkost, Legau, Germany).
Sodium magnesium chlorophyllin was obtained from Carl Roth GmBH + Co KG (Karlsruhe,
Germany). It was diluted using ddH2O (ultrapure water) to obtain a 10 mmol stock solution.
It was stored in the dark frozen at −20 ◦C. Dulbecco’s modified Phosphate Buffered Saline
(DPBS) was bought from Sigma-Aldrich (St Louis, MI, USA). The medium for the Petri
dishes consisted of 37 g/L Brain-Heart-Infusion-Broth (BHI-Broth) supplemented with
15 g/L Agar-Agar Kobe I and were obtained from Roth.

Listeria innocua (DSM 20649; ATCC 33090) was grown in liquid media in Brain-Heart-
Infusion broth (BHI, Roth) overnight at 37 ◦C at constant agitation with a MaxQ™ 4450
Benchtop Orbital Shaker (Thermo Scientific, Waltham, MA, USA).

2.2. PDI-Disinfection of Seeds

To remove any pre-existing fungal or bacterial contamination of seeds, they were
placed in a 50 mL centrifuge tube and disinfected by addition of enough 15% H2O2 (Roth)
to submerge the seeds. The seeds were mixed with H2O2 for 1 min (three-seed-species
experiment) or 5 min (mung bean-only experiments). Afterwards, H2O2 was carefully
aspirated. A single washing step with ddH2O using twice the volume of H2O2 used for
initial seed disinfection was performed. As inoculum, 10 mL of a bacterial overnight
culture of L. innocua was added into the centrifuge tube, resulting in total seed submersion
in the bacterial culture. Afterwards, the liquid phase was carefully discarded. Three
contaminated seeds were then transferred into one well of a sterile flat-bottomed 24-well
plate. Three wells for each treatment were used, and thus nine seeds per treatment of one
species (mung bean, buckwheat, radish). After the addition of 500 µL DPBS containing the
respective photosensitiser, the 24-well plates were covered with Aluminium foil to exclude
illumination with ambient light. The plates were placed on a shaker (Flow Laboratories,
DSG Titertek, microplate shaker) and constantly agitated during the incubation (5 or
30 min). Illumination (10, 20, or 40 min) was provided by two LED arrays (480 diodes of
diode type L-7113UVC, Kingbright Electronic Europe GmbH, Issum Germany) with the
main emission wavelength at 395 nm. Samples were constantly agitated during illumination
with a laboratory shaker. Radiant exposure was measured by using a spectrometer (LI-180,
Licor, Li-Cor Biosciences. Lincoln, Nebraska, USA). Using the single-sided LED setup
20 min of illumination resulted in a radiant exposure of 27.8 J/cm2. Ten minutes from the
double-sided LED-array illumination setup resulted in 28.2 J/cm2, 20 min in 56.4 J/cm2,
and 40 min in 112.9 J/cm2 radiant exposure. After Illumination, the seeds were transferred
into 2 mL reaction tubes containing 1 mL DPBS and subsequently shaken. This mixture
was the basis for serial dilution in DPBS. If the PS/DPBS solution without the seed in
the well was analysed, the remaining solution in the wells was the basis for the dilution
series (visible by the prefix supernatant). Counting of colony forming units (CFU) on agar
plates was performed after incubation for 48 h in a Heraeus Typ B 5042 E incubator (Hanau,
Germany) at 37 ◦C in the dark. A summary of the workflow can be seen in Figure 1.
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Figure 1. The overall workflow of the seed and sprout experiments. Only mung beans in the
56.4 J/cm2 were processed after being grown into sprouts.

2.3. PDI Parameters

Details of the treatment protocol are shown in Table 1. Samples not illuminated were
kept dark by wrapping the 24-well plates in aluminium foil and placing them on the shaker
for the duration of the illumination. Samples with the prefix supernatant were based on
the PS/DPBS supernatant of the respective seed treatments.

Table 1. Treatment parameters of samples.

Sample Incubation (min) Illumination (min) Chl Concentration
(µM)

Control −/− 30 0 0

Dark control 30 0 100

Light control 30 10/20/40 0

PDI, 1 µM Chl, 5 min 5 10/20/40 1

PDI, 10 µM Chl, 5 min 5 10/20/40 10

PDI, 100 µM Chl, 5 min 5 10/20/40 100

PDI, 1 µM Chl, 30 min 30 10/20/40 1

PDI, 10 µM Chl, 30 min 30 10/20/40 10

PDI, 100 µM Chl, 30 min 30 10/20/40 100

Supernatant Control −/− 30 0 0

Supernatant PDI, 10 µM Chl, 30 min 30 10/20/40 10

Supernatant PDI, 100 µM Chl, 30 min 30 10/20/40 100

2.4. Germination of Seeds and Determination of Germination Rate

The supernatant for the bacterial assay was aspirated from the seeds. The seeds were
placed in a 9 cm Petri dish and 10 mL of autoclaved tap water was added (~1.1 mL per
seed). Petri dishes were covered with parafilm and aluminium foil to prevent water loss
and further illumination. Seeds were left to germinate for 3 days at room temperature
(22–24 ◦C). Seeds were counted as germinated when the growth of the germling was
apparent. Seeds that showed fungal infections were excluded from the experiment.
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2.5. Storage and Treatment of Sprouts

The germinated seeds were drained of the remaining water in the Petri dishes. The
still-moist mung bean sprouts were kept in Petri dishes, sealed with parafilm, and stored
in the fridge at 4–5 ◦C for 10 days in moist conditions. After 10 days, the sprouts were
transferred into a 50 mL centrifuge tube containing 15 mL DPBS. The sprouts were shaken
vigorously for one minute. As the sprouts remained intact, the DPBS containing the bacteria
served as the basis for the dilution series. Counting of colony forming units (CFU) on agar
plates was performed after incubation for 48 h in a Heraeus Typ B 5042 E incubator at 37 ◦C
in the dark.

A different experimental setup was used to test whether the PDI with less contact time
of the seeds with aqueous solutions would cause germination of the seeds. Thus, a setup
without seed pre-treatment (H2O2 & bacteria) and without post-illumination treatment
(storage in DPBS/PS solution during dilution series) was established For these experiments,
27 seeds per treatment were dipped into 100 µM Chl solution. As above three seeds, each
were placed in one single well of a 24-well plate. Thus, nine wells were used per treatment.
Treatments consisted of a light control (seeds dipped in DPBS) and PDI treatment (seeds
dipped in 100 µM Chl solution). Incubation of seeds was carried out in a 24-well plate
covered in aluminium foil for 30 min using constant agitation. Illumination was performed
as described above. Illumination from top and bottom with the LED arrays resulted in
a radiant exposure of 28.2 J/cm2. Seeds, without additional water, were sealed in Petri
dishes with parafilm, covered in aluminium foil, and stored for 7 days at lab temperature
(22–24 ◦C). After 7 days seeds were watered with 1.1 mL of autoclaved tap water per seed
and again stored for 3 days, covered in aluminium foil, at lab temperature. Seeds were
counted as germinated when the growth of the germling was apparent.

2.6. Determination of Sprout Mass

The moist sprouts were then weighed in a centrifuge tube on a 440-47N scale (Kern
und Sohn GmbH, Balingen, Germany, ±0.1 g).

2.7. Data Analysis

Each experiment consisted of at least three biological replicates. Relative inactivation
(r.i.) was calculated by dividing the CFUs in the double negative control with the CFUs of
the respective treatment. The percentual germination rate was calculated by dividing the
number of germinated seeds by the total amount of seeds per treatment and multiplying
this result by 100. Column height indicates the mean of all replicates. Error bars represent
the standard deviation. If no CFUs in the undiluted samples were visible in all replicates,
bacterial densities greater than those of the double negative control (Control −/−) were
assumed to have been inactivated and r.i. was plotted as the number of untreated controls
(Control −/−). These total kills were classified as wipeout. The CFUs per gram of sprouts
were calculated by:

mass(DPBS )

average masssprouts ∗ CFU per mL
(1)

The density of DPBS was assumed as 1.0 g/mL.

3. Results

Figure 2A shows the germination rate of mung bean, buckwheat, and radish seeds
treated with 100 µM Chl, to elucidate the potential effects of PDI treatment. Figure 2B
depicts the relative inactivation of mung bean, buckwheat, and radish seeds treated with
100 µM Chl. All numerical values can be found in the Supplementary Materials. Both
Figure 2A,B are based on data from the same experiment. Seeds were incubated for 30 min
and subsequently illuminated for 10 min with the LED arrays from the top and bottom
of the well plate resulting in a radiant exposure of 28.2 J/cm2. The germination rate for
mung bean and radish seeds is 100% in the double negative control (Control −/−) and
the 100 µM Chl PDI treatment. The mean germination rate of buckwheat was 85% in the
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double negative control (Control −/−), 85% in the dark control, 81% in the light control,
and 74% in the 100 µM Chl PDI treatment.
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Figure 2. (A) Germination rate [%] of mung bean, buckwheat, and radish seeds after PDI treatment 
using two-sided illumination with LED arrays, resulting in a radiant exposure of 28.2 J/cm2. Control 

Figure 2. (A) Germination rate [%] of mung bean, buckwheat, and radish seeds after PDI treatment
using two-sided illumination with LED arrays, resulting in a radiant exposure of 28.2 J/cm2. Control
−/− and Dark control were not illuminated. Light control contained no Chl. n = 3. (B) Relative
inactivation of L. innocua on mung bean, buckwheat, and radish seeds after PDI treatment with
28.2 J/cm2. Mean CFUs/mL in Control −/−: Mung bean: 2.9 ∗ 106; Buckwheat: 8.0 ∗ 106; Radish:
2.3 ∗ 106. n = 3. Green bar: mung bean seeds, yellow bar: buckwheat seeds, red bar: radish seeds.
Column height shows the mean, error bars show the standard deviation.

The relative inactivation of Listeria innocua of the 3 seed types (Figure 2B) is 1.1 log
step of dark toxicity for mung bean samples. The relative inactivation of the other seeds
and controls remained below 0.5 log steps, while the PDI treatment with 100 µM Chl
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resulted in 2.7, 3.1, and 0.8 log steps reduction on mung bean, radish, and buckwheat seeds,
respectively, with the 10 min illumination setup.

Figure 3 shows the effect of the reduced contact time with aqueous solutions (to control
for unwanted germination induced by disinfection and dilution steps) on the germination
rate of the mung bean seeds. The PDI-treatment with 30 min dark incubation and the
10 min illumination (28.2 J/cm2 radiant exposure) did not cause mung bean seeds to sprout
in the light control (DPBS instead of Chl) nor did the treatment with 100 µM Chl. Seeds
sprouted within 3 days when moistened with water with a mean of 98.7% and 96.2% in the
light control and the PDI treatment respectively.
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Figure 3. Germination rate [%] of mung bean seeds with reduced contact time to aqueous solutions
with one-sided illumination for 20 min resulted in 28.2 J/cm2 radiant exposure. “Dry” indicates
the germination rate after treatment, but without the addition of tap water to the seeds. “Wet”
samples were the same mung bean seeds as “Dry” of the respective control or PDI-treatment, but
the germination rate was assessed after seven days of dry storage and subsequent germination
post-watering with 1.1 mL sterile tap water per seed. n = 3. Column height shows the mean. Error
bars show the standard deviation.

In Figure 4 the relative inactivation of L. innocua after PDI treatment with a radiant
exposure of 27.8 J/cm2 is plotted. Means of the relative inactivation of the light on dark
control is below 0.3 log steps. PDI with 10 µM Chl achieves a relative inactivation of 3.2 log
steps. The higher concentration of 100 µM Chl PDI-treatment resulted in a 4.2 log reduction
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of CFUs on the seeds. The bacteria-PS supernatant in the wells itself also achieves more
than a 4.0 log reduction in bacterial densities with the 10 µM and 100 µM treatments.
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Figure 4. Relative inactivation of L. innocua after PDI treatment of mung bean seeds. One-sided
illumination resulted in 27.8 J/cm2. Mean CFUs/mL in Control −/−: 2.3 ∗ 106. The supernatant
terminus indicates the relative inactivation of the seedless PS/DPBS supernatant of the respective
samples. Column height shows the mean of 5 independent experiments. Error bars show the
standard deviation.

PDI of mung beans which were exposed to 56.4 J/cm2 radiant exposure from the two
395 nm LED-arrays and subsequently grown to sprouts and stored in the fridge for 10 days
can be seen in Figure 5A–D. The germination rate of mung beans (Figure 5A) remained at
100% in all six replicates of the PDI treatment with 30 min dark incubation and 100 µM Chl.
The antimicrobial effectivity of 56.4 J/cm2 PDI treatment of the mung bean seeds (Figure 5B)
shows a 4.6 log step reduction of L. innocua with 100 µM Chl and a photokilling below
the limit of the detection (LOD) with an effect greater than 6.1 log steps in the remaining
photosensitiser-liquid (supernatant) of the same treatment. The remaining reduction in
bacterial load of the mung bean seed with the PDI treatment on the 10-day fridge-stored
mung bean sprouts (Figure 5C) was still 3.4 log steps in the 100 µM Chl 30 min incubation
treatment. The outcome 13 days after the PDI treatment regarding the mass of the sprouts
shows, that the treatment did not alter the mean mass of the sprouts within the natural
distribution (Figure 5D). The mean mass of the sprouts of the double negative, dark, and
light control were 2.2, 2.2, and 2.0 g per nine sprouts, respectively. PDI treatment with
100 µM Chl of the former seeds, resulted in a mean mass of 2.1 g per nine sprouts. A 100%
germination rate was achieved in all replicates in several experiments.
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Figure 5. (A) Germination rate [%] of mung bean seeds PDI treatment using radiant exposure of 
56.4 J/cm2. n = 6. (B) Relative inactivation of L. innocua (radiant exposure = 56.4 J/cm2) by PDI treat-
ment of mung beans with illumination from above and below (mean CFUs/mL: 1.2 ∗ 106, n ≥ 4). (C) 
Relative inactivation of L. innocua on mung bean sprouts 13 days after PDI treatment of seeds (mean 
CFUs/mL: 1.1 ∗ 106, n ≥ 3). Supernatant indicates the relative inactivation of the seedless PS/DPBS 
supernatant of the respective samples. The arrow “>” indicates a wipeout. (D) Mass of mung bean 
sprouts [g] after PDI treatment using two-sided illumination (56.4 J/cm2). n = 6. Column height 
shows the mean. Error bars show the standard deviation. 

PDI treatment of mung bean seeds using illumination from above and below (112.9 
J/cm2), with 10 or 100 µM Chl, as well as 5 min or 30 min dark incubation, and did not 
inhibit the germination rate of the seeds (Figure 6A). The relative inactivation of L. innocua 
is plotted in Figure 6B. Two-sided illumination (112.9 J/cm2) induced a 4.6 log step reduc-
tion for 100 µM Chl/30 min. incubation. The remaining supernatant in the same treatment 
showed a total kill of CFU, resulting in at least 6.5 log step inactivation. 

Figure 5. (A) Germination rate [%] of mung bean seeds PDI treatment using radiant exposure of
56.4 J/cm2. n = 6. (B) Relative inactivation of L. innocua (radiant exposure = 56.4 J/cm2) by PDI
treatment of mung beans with illumination from above and below (mean CFUs/mL: 1.2 ∗ 106, n ≥ 4).
(C) Relative inactivation of L. innocua on mung bean sprouts 13 days after PDI treatment of seeds
(mean CFUs/mL: 1.1 ∗ 106, n ≥ 3). Supernatant indicates the relative inactivation of the seedless
PS/DPBS supernatant of the respective samples. The arrow “>” indicates a wipeout. (D) Mass of
mung bean sprouts [g] after PDI treatment using two-sided illumination (56.4 J/cm2). n = 6. Column
height shows the mean. Error bars show the standard deviation.

The average bacterial load with L. innocua of wet sprouts, calculated from Figure 5C,D,
was 7.5 ∗ 106 CFU/g for the double negative control.

PDI treatment of mung bean seeds using illumination from above and below
(112.9 J/cm2), with 10 or 100 µM Chl, as well as 5 min or 30 min dark incubation, and
did not inhibit the germination rate of the seeds (Figure 6A). The relative inactivation of
L. innocua is plotted in Figure 6B. Two-sided illumination (112.9 J/cm2) induced a 4.6 log
step reduction for 100 µM Chl/30 min. incubation. The remaining supernatant in the same
treatment showed a total kill of CFU, resulting in at least 6.5 log step inactivation.
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Figure 6. (A) Germination rate [%] of PDI-treated mung bean seeds with a radiant exposure of 112.9 
J/cm2. n ≥ 3. (B) Relative inactivation of L. innocua on mung bean seeds after the PDI treatment with 

Figure 6. (A) Germination rate [%] of PDI-treated mung bean seeds with a radiant exposure of
112.9 J/cm2. n ≥ 3. (B) Relative inactivation of L. innocua on mung bean seeds after the PDI treatment
with a radiant exposure of 112.9 J/cm2. Mean CFUs/mL: 1.27 ∗ 106. Supernatant indicates the relative
inactivation of the seedless PS/DPBS supernatant of the respective samples. n ≥ 3. “>” indicates a
wipeout. Column height shows the mean. Error bars show the standard deviation.
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4. Discussion

Environmentally benign, sustainable, nutritious, and healthy foods are required to
tackle climate change. However, bacterial contaminations can make sprouts, which would
fulfil these criteria dangerous foods. The experiments conducted in this study show that a
simple two-sided LED-illumination Chl-based PDI can be used for effective decontamina-
tion of seeds (4.6 log steps reduction in CFUs at 56.4 J/cm2) and sprouts, without affecting
the mass of the sprouts or the germination rates of the seeds. Illumination from two sides
ensures better all-round activation of the PS and by this increases the effectiveness of PDI
when compared to single-sided illumination [30]. After three days of room temperature,
the sprouting of PDI-treated seeds, and subsequent storage at 4 ◦C for 10 days in a fridge,
the decontamination efficiency is still at 3.4 log steps. Even though the bacterial load on
seeds applied in this study is very high—several million CFUs per mL and about 7.5 ∗ 106

CFUs per gram of sprout—PDI with 100 µM Chl corresponding to 68.49 mg/L Chl is very
effective. As prolonged illumination (40 min, 112.9 J/cm2) does not affect the mung bean
seed germination rate and does not yield a higher decontamination rate, the potential to use
higher Chl concentrations could be tested in follow-up studies. We hypothesize that, at the
lowest concentration (1 µM), the smaller antibacterial effect of the 30 min when compared
to the 5 min incubation is due to additional degradation of Chl during longer incubation,
which is critical at very low concentrations.

One study on the shelf-life of PDI-treated food has been published so far: PDI treatment
of Gram-negative Pseudomonas reinekei and Pseudomonas palleroniana on leafy greens (Pak
Choi) caused a decrease in CFUs/g with a one-time 100 µM Chl based spray, followed by a
constant 405 nm illumination with a radiant exposure of 22.27 J/cm2 per day. After 12 days
of cooled and illuminated storage, resulting in a 267.25 J/cm2 radiant exposure, there were
remarkable effects, leading to an >8.0 log step reduction in comparison to the control, while
blue light alone only achieved a 3.0 log reduction in comparison with the control [39]. In
our study, no constant illumination was used during storage periods. Even though the
decontamination on Pak Choi is higher when compared to our study, constant illumination
during storage and or transport is rarely possible due to stacked transportation and storage
or a simple lack of illumination capabilities in the cooling chain. Additionally, constant
illumination could influence nutrient levels in food [45,46]. Furthermore, since natural PS
can bleach and degrade rather rapidly [25], it is not clear, how long the used PS would
remain active in this setup with long illumination periods.

PDI based on other natural photosensitisers or their derivatives of mung bean germlings
contaminated with Escherichia coli also demonstrated the applicability of PDI to increase
food safety. Relative inactivation of E. coli on ungerminated mung bean with the curcumin
derivate SACUR-3 at 100 µM showed a 3.0 log steps of relative inactivation. However,
the effect on germlings was less pronounced (below 1.0 log r.i.). Smaller fenugreek seeds
revealed a 5.6 log steps relative inactivation [30].

Decontamination of wheat seeds by PDI with Chl concentrations of 500 µM achieved
about 1.5 log reduction after 50 min incubation and a radiant exposure of 30 J/cm2

(405 nm) [37], which is better than reported effects obtained with standard washing pro-
cedures with water [14]. The microstructure, length of root, and shoot of seed germlings
were not influenced at 18 J/cm2 [37]. These results are comparable to our study indicated
with respect to the low photokilling of L. innocua on buckwheat. As a working hypothesis,
the lack of seed hulls on buckwheat and wheat seeds causes components of the seeds to be
partially dissolved in aqueous solutions. This could adversely influence Chl from reaching
the surface of the seed and still being activated because the dissolved seed content absorbs
the relevant wavelengths. A set of experiments on L. monocytogenes biofilm using Chl-
based PDI was published by Luksiene and Paskeviciute [40]. Biofilms grown on polyolefin
packaging were treatable by PDI with 150 µM Chl with a 405 nm LED-based light source
(12 mW/cm2) illuminated for just 5 min. This PDI treatment resulted in at least 4.5 log
steps of relative inactivation of L. monocytogenes.
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The comparison of PDI-treatment to alternative decontamination methods helps to
assess the potential of PDI-based treatments for food safety. An established treatment is the
use of peroxyacetic acid (PAA) (<70 ppm) ranging from 90 to 180 s and treatment with chlo-
rine (<170 ppm) resulting in less than 2.0 logs reduction of Listeria monocytogenes on mung
bean sprouts [47]. Both approaches are less effective than PDI. Decontamination of mung
bean sprouts from Salmonella enteritidis (1.89 log reduction) and Escherichia coli (1.23 log re-
duction) by ultrasound alone was also less effective than the method presented in this study.
A combination of ultrasound and chlorine (3 mg/L) achieved only a 2.0 log reduction [12].
Other studies tested a sequential combination of treatments against L. monocytogenes on
mung beans. Here, a 2.0-to-5.0 log step reduction was achieved (20 min of 60 ◦C water
+3–4% H2O2 + 0.2% acetic acid +1 min water rinsing) on mung bean seeds. The germina-
tion rate after the treatment was above 90% [48]. This treatment, though not applicable
by organic standards, shows that a combination of treatments might be useful and could
probably enhance the photokilling efficiency of PDI. Another, relatively new method to
decontaminate foodstuff, is cold plasma. It achieves an approximate 2.0 to 5.0 log step
reduction after a 180 s treatment. However, it reduces radish seed germination to 36%.
Considering that more than 60% of the seeds would theoretically be lost because they
do not sprout, and thus cannot be consumed, cold plasma treatment is inferior to PDI in
this regard [49]. Fortunately, PDI and cold plasma treatment can kill a wide variety of
pathogens [26,28–30,33,50,51]. Other seed disinfection methods usually achieve between
3.0 and 3.7 log steps relative inactivation of different microorganisms [52]. Only disinfection
by applying high pressure has achieved 5.09 log steps of reduction on microorganisms [52],
thus theoretically surpassing the effect size of PDI.

Organic acids are permitted in the EU for application in organic food treatment.
However, only 0.6–2.3 log steps reductions were achievable without negative effects on
the physical properties of the greens. Contact times of around 15 min required for a
notable effect were however already deemed too long for economic decontamination [13].
Chlorine dioxide gas (4.1–4.3 mg/L) achieved between 3.0 and 6.0 log steps reduction after
30 min incubation, with the drawback of altering the sensory properties of the food [13].
Incubation periods of 20 or 30 min achieved between 1.2 and 5.8 log step reduction of
Listeria monocytogenes at 2.7–4.1 g/mL chlorine dioxide in carrot, lettuce, and cabbage [13],
which is slightly better in terms of duration and effectivity of the PDI treatment in this study.
In the EU neither chlorine, chlorine dioxide, ozone, electrolyzed water, hydrogen peroxide
nor peroxyacetic acid are approved for application on organic fresh-cut vegetables. Organic
acids, such as citric or acetic acid, are however permitted according to EU guidelines [53,54].
PDI with PS already approved as food additives could therefore show potential even under
strict EU guidelines for organic produce.

In general, the most widely used way of reducing the bacterial load of produce is
rinsing with water. It is capable of providing a 1.0 log step CFU reduction of various
microorganisms, mainly due to mechanical and turbulent effects [14]. Water consumption,
often cooled under high energy use, is in the range of several tonnes per tonne of finished
product [55], which of course can be detrimental to energy and water conservation plans,
potentially hampering sustainability targets. The discussion of effect sizes must take
realistic bacterial loads on alimentaria into account. Considering that the microbial load of
freshly harvested food can range from 103 to 107.5 CFU per gram [23,55] rinsing with water
is not always sufficient to extend shelf life. Ready-to-eat salads show up to 109 CFU/g at
the end of shelf life [23] and spoilage of food becomes visible at above 108 CFU/g [14,23].
This particular microbial load is usually present after 8 days of storage. For example, after
14 days of storage at 3 ◦C, L. innocua densities on treated and untreated foodstuff are equal.
Less ideal storage conditions of 8 ◦C reduce this timeframe to eight days [56]. This would
mean, that even with a high initial reduction of bacterial load by PDI or other treatments,
L. monocytogenes could still replicate, and thus prevent an even longer shelf life. The upper
limit of contaminations with L. monocytogenes according to EU guidelines is 100 CFU/g and
must be below the limit of detection which is 25 g of tested material [57,58]. This threshold
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might still be achievable on highly contaminated foodstuff (105–107 logs CFU/g) with PDI
by treatment protocols with higher PS concentration and increased radiant exposure.

5. Conclusions

We here show that PDI using the food additive Chl E140 in concentrations up to
100 µM can achieve a substantial reduction (3–4.6 log steps) of L. innocua on mung bean
seeds following illumination (56.4–112.9 J/cm2). Furthermore, the germination rate of
the mung bean seeds was close to 100% even in very high radiant exposure settings of
112.9 J/cm2. The power of this approach on shelf life is proven by the lasting antilisterial
effect on sprouted seeds of PDI-treated mung beans. Despite high standard deviations,
PDI was able to maintain more than a 3.0 log reduction of bacterial load after treatment of
seeds with 56.4 J/cm2 even after 13 days. No relevant effects on the mass of the sprouts
after the PDI treatment have been observed. Germination of mung beans was not triggered
by a PDI. Despite the relevant reduction of the bacterial load of radish (3.1 log reduction)
and mung bean seeds (2.7 log reduction) by just 10 min of two-sided illumination, only a
weak antibacterial effect on buckwheat seeds (0.8 log reduction) was evident. For mung
bean and radish seeds, no adverse effects on the germination rate have been observed.
For Buckwheat seeds germination rate was already not ideal in the controls and slightly
decreased due to treatment. With improvements in PDI treatment protocols with near-
natural photosensitisers, as shown in this study, increased food safety could be achieved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics10030239/s1, Table S1: Germination rate [%] of mung
bean, buckwheat and radish seeds after PDI treatment via two-sided illumination from LED-arrays
(radiant) exposure of 28.2 J/cm2. Control −/− and Dark control were not illuminated. Light control
contained no Chl. n = 3. Table S2: Relative inactivation of L. innocua on mung bean, buckwheat and
radish seeds after PDI treatment with 28.2 J/cm2. Dark control was not illuminated but contained
100 µM Chl. Light control was illuminated but did not contain Chl. PDI 100 µL contained 100 µM
Chl and was illuminated. n = 3. Table S3: Germination rate [%] of PDI with shortened aqueous
contact time with single-sided illumination for 20 minutes resulted in 28.2 J/cm2 radiant exposure
on mung bean seeds. “Dry” indicates the germination rate after treatment, but without addition
tap water to the seeds. “Wet” samples were the same mung bean seeds as ”Dry” of the respective
control or PDI-treatment, but the germination rate was assessed after seven days of dry storage and
subsequent germination post watering with 1.1 mL sterile tap water per seed. n = 3. Table S4: Relative
inactivation of L. innocua on mung bean seeds after PDI treatment with one sided illumination
for 27.8 J/cm2. Dark control was not illuminated but contained 100 µM Chl. Light control was
illuminated but did not contain Chl. PDI 100 µM contained 100 µM Chl and was illuminated. n ≥ 5.
Table S5: Germination rate [%] of 56.4 J/cm2 PDI treated mung bean seeds. Control −/− contained
no Chl and was not illuminated. Dark control contained 100 µM Chl but was not illuminated.
Light control was illuminated but contained no Chl. n = 6. Table S6: Relative inactivation of mung
bean seeds of L. innocua after 56.4 J/cm2 of PDI treatment with illumination from two sides. Mean
CFUs/mL: 1.2 ∗ 106. Liquid indicates the relative inactivation of the seedless PS/DPBS Liquid of the
respective samples. Control −/− contained no Chl and was not illuminated. Dark control contained
100 µM Chl but was not illuminated. Light control was illuminated but contained no Chl. n ≥ 4.
Table S7: Relative inactivation of L. innocua on mung bean sprouts, 13 days after PDI treatment
with LED-array illumination from two sides resulting in a radiant exposure of 56.4 J/cm2. Mean
CFUs/mL: 1.1 ∗ 106. Supernatant indicates the relative inactivation of the seedless PS/DPBS liquid
of the respective samples. Control −/− contained no Chl and was not illuminated. Dark control
contained 100 µM Chl but was not illuminated. Light control was illuminated but contained no Chl.
n ≥ 3. Table S8: Mass of mung bean sprouts [g] that were treated as seeds with PDI from two-sided
illumination by LED-arrays with 56.4 J/cm2 radiant exposure. Control −/− contained no Chl and
was not illuminated. Dark control contained 100 µM Chl but was not illuminated. Light control was
illuminated but contained no Chl. n = 6. Table S9: Germination rate [%] of 112.9 J/cm2 PDI treated
mung bean seeds. Control −/− contained no Chl and was not illuminated. Dark control contained
100 µM Chl but was not illuminated. Light control was illuminated but contained no Chl. n ≥ 3.
Table S10: Relative inactivation of mung bean seeds of L. innocua after 112.9 J/cm2 of PDI treatment

https://www.mdpi.com/article/10.3390/photonics10030239/s1
https://www.mdpi.com/article/10.3390/photonics10030239/s1
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with illumination from two sides. Mean CFUs/mL: 1.27 ∗ 106. Supernatant indicates the relative
inactivation of the seedless PS/DPBS liquid of the respective samples. Control −/− contained no
Chl and was not illuminated. Dark control contained 100 µM Chl but was not illuminated. Light
control was illuminated but contained no Chl. n ≥ 3.
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Dulbecco’s modified phosphate buffered saline; PDI: Photodynamic Inactivation; PS: Photosensi-
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Ratios of Blue and Red Led Light on Brassicaceae Microgreens under a Controlled Environment. Plants 2021, 10, 801. [CrossRef]
[PubMed]

46. Sheraz, M.A.; Kazi, S.H.; Ahmed, S.; Anwar, Z.; Ahmad, I. Photo, Thermal and Chemical Degradation of Riboflavin. Beilstein J.
Org. Chem. 2014, 10, 1999–2012. [CrossRef]

47. Neo, S.Y.; Lim, P.Y.; Phua, L.K.; Khoo, G.H.; Kim, S.J.; Lee, S.C.; Yuk, H.G. Efficacy of Chlorine and Peroxyacetic Acid on Reduction
of Natural Microflora, Escherichia Coli O157: H7, Listeria Monocyotgenes and Salmonella Spp. on Mung Bean Sprouts. Food
Microbiol. 2013, 36, 475–480. [CrossRef]
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