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A B S T R A C T

Ultraviolet light-emitting diodes (UV-LEDs) are being investigated for potential use in food disinfection due to 
their customisable wavelength and high energy efficiency. The objective of this study was to examine the impact 
of UV-LED treatments, for up to 30 min, at wavelengths of 280, 300, and 365 nm, as well as simultaneous 
irradiation with 280 and 300 nm, on the culturability of Escherichia coli, Bacillus cereus spores, and Salmonella 
enterica in black peppercorns. It resulted in a reduction of up to 1.65, 1.35 and 1 log colony-forming units per 
gram (CFU/g) for E. coli, S. enterica, and B. cereus spores, respectively. The viability of S. enterica was also 
evaluated in black pepper using a viability PCR method with DyeTox13. No significant differences were observed 
between active and inactive non-culturable states. This finding suggests that UV light did not cause substantial 
lethal damage to the bacteria, but instead rendered them non-culturable, potentially leading to an underesti
mation of the food safety risk. These findings are encouraging concerning the potential applications of UV-LEDs 
in the spice industry.

1. Introduction

The production of black pepper is a complex, multi-stage process 
involving numerous microbiological risks which must be carefully 
assessed and controlled. The majority of black pepper harvested is dried 
in the open air, where contact with dust, insects and livestock can easily 
contaminate the peppercorns (Shango et al., 2021). Furthermore, black 
pepper is mainly produced in developing countries (FAOSTAT, 2022), 
where preventive hygienic measures have yet to be fully implemented, 
especially in small-scale productions. Moreover, the consumption of 
black pepper is frequently raw, thereby increasing the risk of infection 
even at low concentrations. According to the Rapid Alert System for 
Food and Feed (RASFF), the most reported pathogen in black pepper in 
the EU is Salmonella spp. (RASFF, 2024). However, Bacillus cereus is also 
a prevalent pathogen in black pepper (Mathot et al., 2021) and has the 
ability to form spores, which are highly resistant to disinfection treat
ments (Gayán et al., 2013).

The application of heat treatments has been demonstrated to be an 

effective method for food disinfection. However, the primary value of 
black pepper lies in its volatile and flavour compounds, which are sus
ceptible to degradation when subjected to high temperatures (Shango 
et al., 2021). Consequently, non-thermal treatments have been receiving 
increased attention as means of ensuring the safety of spices without 
compromising their quality. Low water activity, non-thermal food 
disinfection has been mainly performed on grains, and few of research 
has been conducted on spices in general and black pepper in particular 
(Arcos-Limiñana et al., 2025a; Deng et al., 2020). Although each non- 
thermal disinfection method has its own limitations, ultraviolet (UV) 
radiation is a promising candidate for the disinfection of black pepper 
since it is an energy-efficient technology, that can be easily implemented 
in production lines, and there is evidence proving that it is safe (Erdoğdu 
and Ekiz, 2013; Gabriel et al., 2020). Furthermore, UV radiation has 
been observed to enhance some of the organoleptic qualities of black 
pepper (Collings et al., 2018; Hinds et al., 2021).

Most studies have employed conventional mercury UV-C lamps with 
a peak wavelength of 254 nm, yielding generally positive results (Bang 
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et al., 2020; El Darra et al., 2021; Park et al., 2019, 2020), but there is a 
trend worldwide following the Minamata Convention to gradually 
reduce the use of mercury due to its ecotoxicity (EPA, 2014; EU, 2024). 
Moreover, the possibility of adjusting the wavelength of LEDs allows for 
the optimisation of their efficiency in terms of disinfection and the 
mitigation of their impact on quality (Soro et al., 2021a), thereby 
rendering them more suitable as UV sources. Although UV-LEDs have 
shown promising efficacy, the number of studies investigating them is 
limited (Hinds et al., 2021; Jiang et al., 2020).

However, some studies suggest that UV treatments do not inactivate 
bacteria but render them viable but nonculturable instead (Chiang et al., 
2022; Xu et al., 2018). To test viability, a DNA-intercalating photo
reactive agent is typically used. These agents become permanently 
bonded to free DNA and DNA from membrane-compromised bacteria 
when exposed to light, preventing its replication (dos Reis Lemos and 
Maisonnave Arisi, 2024). However, unlike other disinfectant agents 
such as heat, chemicals, and cold plasma, UV light does not affect the 
integrity of the cell membranes (Lee and Bae, 2018). Consequently, 
traditional intercalating agents are unable to access the DNA, even if the 
bacteria become inactive (Nocker et al., 2007; Zhang et al., 2015), since 
the primary mechanism of action of UV light is the alteration of the DNA 
structure. DyeTox13 was developed as an intercalating and membrane- 
permeable agent that binds only to DNA from metabolically inactive 
cells, rendering it more suitable for estimating the effect on viability of 
UV-treated bacteria (Chiang et al., 2022; Lee and Bae, 2018; L. Li et al., 
2022).

The objective of this study was to evaluate the efficacy of UV light 
irradiation at different wavelengths (280, 300 and 365 nm) and a 
combination of them (280 + 300 nm) using UV-LEDs in the microbial 
inactivation of Salmonella enterica, E. coli and B. cereus spores in black 
peppercorns. The impact of these treatments on the viability of 
S. enterica was also investigated using digital PCR (dPCR).

2. Methodology

2.1. Bacterial strains and culture conditions

S. enterica serovar Weltevreden (strain S23FP03082; originally iso
lated from coriander seeds from a 2023 outbreak), B. cereus (strain TIAC 
4992; originally isolated from oregano leaves from a 2019 outbreak), 
and E. coli (strain TIAC 2481) were obtained from the culture collection 
of Sciensano, Belgium. The bacterial species identity was confirmed 
using MALDI-TOF-MS (Microflex, Bruker, Germany).

The stock bacteria were resuscitated on nutrient agar (Oxoid, United 
Kingdom) and incubated aerobically at 37 ◦C for 24 h for E. coli and 
S. enterica, and at 30 ◦C for 48 h for B. cereus. To prevent cell damage, 
fresh bacterial cultures were prepared daily from an isolated colony on 
brain heart infusion (BHI, Oxoid, United Kingdom). For B. cereus, bac
terial suspensions were aerobically incubated at 30 ◦C for 3 days to 
promote sporulation (Freire et al., 2024).

2.2. Sample preparation, microbial inoculation and UV-LED treatment

A cocktail inoculum was prepared by mixing the E. coli, S. enterica 
and B. cereus spores' suspensions to have a final concentration of 7–8 log 
CFU/mL of each. Prior to mixing, the B. cereus suspension was centri
fuged at 4000 ×g for 10 min, subsequently the supernatant was dis
carded, and the pellet resuspended to achieve the appropriate 
concentration. This suspension was then heated at 80 ◦C for 15 min in a 
heat block to inactivate vegetative cells and induce the formation of 
spores, according to the method described by Freire et al. (2024). A 
volume of 300 μL of the microbial cocktail was added to a sterile 50 mL 
falcon tube containing 13.5 g of black peppercorns. The tube was 
vigorously shaken until the peppercorns were dry. A final concentration 
of E. coli and S. enterica of 5 to 6 log CFU/g, and 4 to 5 log CFU/g for 
B. cereus in black peppercorns were obtained.

A single unprocessed raw batch of black peppercorns from Vietnam 
was purchased from a local market in Brussels, Belgium, in March 2024. 
Black peppercorn samples were subjected to UV treatment using a UV- 
LED device (PearlLab Beam, Aquisense Technologies, NC, USA) oper
ating at wavelengths of 280, 300 and 365 nm, and a combination of 280 
and 300 nm, as previously described by Soro et al. (2021a). The 
experimental setup comprised a 90-mm petri dish with the sample 
placed on top of a vibrating shaker that promoted the movement and 
rotation of the peppercorns during irradiation, emulating a vibrating 
conveyor, and a UV-LED lamp placed 5 cm above the sample surface, as 
shown in Fig. 1. The UV irradiance was measured using a Opticalmeter, 
model ILT2400 radiometer (International Light Technologies, USA). 
Irradiance and doses are shown in Table 1. The experimental setup was 
enclosed in a box during irradiation to ensure safety and dark condi
tions. At 0, 10, 20, and 30 min of irradiation time, a pepper aliquot of 2 g 
was taken from the petri dish, and decimal dilutions were prepared 
using buffered peptone water (BPW, Neogen, UK). The experiments 
were conducted using individual wavelengths of 280 nm, 300 nm and 
365 nm, as well as a combination of 280 and 300 nm. Experiments were 
performed in triplicate.

2.3. Microbiological analysis

Two grams of positive (inoculated, untreated sample) and negative 
(not inoculated, untreated sample) controls, as well as treated samples, 
were suspended in 20 mL of buffered peptone water (BPW, Oxoid, 
United Kingdom) and shaken at 450 rpm for 5 min. Ten-fold dilutions 
were subsequently prepared from these suspensions, and a 0.1 mL 
aliquot of each dilution was spread plated in duplicate onto MacConkey 
(Oxoid, United Kingdom), mannitol egg yolk polymyxin (MYP, Bio-Rad, 
France), and xylose lysine deoxycholate (XLD, Bio-Rad, France) agars for 
the enumeration of E. coli, B. cereus, and S. enterica, respectively. After 
incubating XLD and MacConkey at 37 ◦C for 24 h and MYP at 30 ◦C for 
24 h, colonies of a round, red-pink appearance on MacConkey agar were 
identified as E. coli, pink colonies with a precipitation circle were 
enumerated as B. cereus in MYP agar, and colonies with a black centre 
and a lightly transparent aura were enumerated as S. enterica in XLD 
agar. Identity confirmation of bacteria was done by MALDI-TOF-MS.

2.4. DyeTox13 viability treatment

For each experiment a 500-μL aliquot of cell suspension was taken 
and treated with 50 μM DyeTox13 (Setareh Biotech, OR, USA) following 
the procedure as described previously (Chiang et al., 2022; Lee and Bae, 
2018; L. Li et al., 2022). After the addition of the dye, the cell suspen
sions were mixed thoroughly by vortexing and then incubated in the 
dark at room temperature for 10 min. Subsequently, samples were 
exposed to intense blue light for 15 min using a PhAST blue 

Fig. 1. Experimental setup composed of the UV lamp (A), a petri dish con
taining the inoculated sample (B), and the shaker (C).
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photoactivation system (GenIUL, Barcelona, Spain).

2.5. DNA extraction and d-PCR conditions

According to the manufacturer's instructions, DNA was extracted 
from the 500-μL dye-treated and non-treated samples using a Maxwell 
RSC cultured cells DNA Kit on the Maxwell RSC 16 device (Promega 
Corporation, Madison, USA). Since Salmonella was already tested in 
previous studies with DyeTox13 (L. Li et al., 2022), S. enterica was 
selected for the DyeTox13 assays, using the single-copy invA gene (in
vasion protein A) for its quantification due to its high specificity and 
sensitivity (Ceyssens et al., 2024). E. coli pUC18 was used as an internal 
control.

The primer sequences are provided in Table 2. dPCR assays for DNA 
amplification were performed in a QIAcuity 24-well Nanoplate 8.5 k 
(Qiagen, Hilden, Germany) using a QIAcuity Digital PCR System (Qia
gen, Hilden, Germany). Each of the 12-μL dPCR reactions comprised 3 
μL of DNA, 0.06 μL of the 50 μM probe dilution (IDT, Leuven, Belgium), 
3 μL of the 4× Probe PCR Master mix Qiagen, Hilden, Germany), and 
0.06 μL of each 100 μM forward and reverse primer dilution (IDT, 
Leuven, Belgium). The probes and primers mentioned above were used 
to quantify the DNA. The dPCR assays were conducted under the 
following conditions: the temperature was held at 50 ◦C for 2 min and 
95 ◦C for 10 min, followed by 40 cycles of denaturation (95 ◦C for 15 s) 
and annealing (60 ◦C for 60 s). Every DyeTox13-treated sample was 
coupled with untreated twin samples to measure the number of active 
(viable) and total cells, respectively. A calibration curve from 8 to 3 log 
CFU/mL was prepared, and different concentrations of inoculum were 
used as intercalating agent controls. The number of active but non- 
culturable (ABNC) cells was determined by subtracting the plated CFU 
from the total active cell count. Inactive cells were calculated by sub
tracting the active count from the total cell count.

2.6. Statistical analysis

The experiments were conducted three times independently, with 
duplicate measurements taken in each case. To address the significance 
of the effect of wavelengths and treatment time on microbial inactiva
tion, the average and standard deviation of logarithmic reductions (| 
initial log CFU/g – log CFU/g after treatment|) were used to express the 
results, and an analysis of variance (ANOVA) and Tukey's multiple 
comparison test were conducted for all tests. The statistical analysis was 
performed using SPSS v26 (IBM, NY, USA), and statistical significance 
was tested at p < 0.05.

3. Results and discussion

3.1. Effectiveness of UV-LED to inactivate E. coli, B. cereus spores and 
S. enterica

The inactivation potential of UV-LED's irradiation on E. coli, B. cereus 
spores and S. enterica was tested for three different wavelengths (280, 
300 and 365 nm) and a combination of two of them (280 + 300 nm), 
placing the sample in a shaker to irradiate the whole surface of the 
peppercorns. Variability in the effectiveness of the different UV-LED 
treatments was observed across the tested bacteria, treatment times, 
and UV wavelength.

E. coli was the most sensitive bacterium to UV light, exhibiting a 
reduction of 1.6 log CFU/g in the inoculated black peppercorns after the 
best conditions: 30 min at the combined 280 + 300 nm treatment 
(Fig. 2A). In contrast, the independent irradiation with 280 and 300 nm 
wavelengths resulted in a lower reduction - up to 1.35 Log CFU/g after 
30 min - than their combination. However, both wavelengths exhibited a 
similar disinfection kinetic pattern. UV-A irradiation (365 nm), 
conversely, resulted in less than half the disinfection achieved by the 
other wavelengths, with a reduction of only 0.7 Log CFU/g.

The load of B. cereus spores in black peppercorns achieved the 
highest reduction upon 30 min of treatment with both 280 nm and 280 
+ 300 nm treatments, as shown in Fig. 2B. In contrast to the observa
tions made in E. coli, the combined wavelength treatment did not result 
in a higher reduction than the 280 nm treatment alone. Nevertheless, the 
280 nm and the combined wavelength treatments were markedly more 
effective than 300 and 365 nm, exhibiting a remarkable higher reduc
tion. Lastly, a negligible reduction was observed using the 365 nm 
wavelength. While the bacterial reduction after 10 min of treatment 
with 300 and 365 nm was similar, the outcome of 300 nm irradiation 
increased significantly with longer treatment times, whereas that of 365 
nm remained unchanged.

As presented in Fig. 2C, a reduction of 1.35 log CFU/g was attained 
following the 30-min UV-LED treatment of Salmonella inoculated pep
percorns. Irradiation with a 300 nm wavelength for 30 min resulted in 
the highest bacterial reduction, although it did not differ significantly 
from irradiation with 280 nm or the combined wavelengths. Neverthe
less, the steadily increasing disinfection rate could suggest that the 
disinfection process has not yet reached a plateau, and that better results 
could be achievable through extended treatment times.

Among all the factors affecting the reduction of the bacterial load, 
treatment time has been identified as the most significant across all 
bacteria. While most of the log reduction was usually achieved within 
the initial 10 min of treatment, a significant increase in the bacterial 
reduction was observed after 20 or 30 min of treatment for all bacteria, 
irrespective of the conditions. During the first 10 min, bacteria that are 
most exposed to the UV light would quickly receive a lethal dose, 
resulting in a rapid decrease in microbial load. However, in the case of 
bacteria that are allocated in areas where only a fraction of the light 
reaches, a lethal dose would gradually be achieved, resulting in a decline 
in the bacterial reduction rate, but a steady overall reduction (Arcos- 
Limiñana et al., 2025a).

Numerous studies have observed significant variations in treatment 
effectiveness between different wavelength irradiation, showing a 
strong relationship with the targeted bacteria (Ha and Kang, 2013; 
Hinds et al., 2021; Li et al., 2017; Li et al., 2019; MacIsaac et al., 2023; 
Martín-Sómer et al., 2023; Park et al., 2019, 2020). In fact, despite both 
being gram negative, S. enterica exhibited a somewhat similar reduction 
to all wavelengths, whereas E. coli was mainly affected by the shorter 
wavelengths. A similar outcome was reported in a study in which Sal
monella Typhimurium was equally affected by both 254 and 352 nm 
irradiation in black pepper powder, whereas E. coli was more sensitive to 
the 254 nm irradiation (Park et al., 2020). However, in a prior study, a 
similar method was employed to reduce the load of E. coli in black 
pepper, but a 254 nm conventional UV lamp was used (Arcos-Limiñana 

Table 1 
UV irradiance and dosage depending on the wavelength and the time of expo
sure at a 5 cm distance.

Wavelength 
(nm)

Irradiance (W/ 
cm2)

Dose 10 min 
(J/cm2)

Dose 20 min 
(J/cm2)

Dose 30 min 
(J/cm2)

280 0.068 40.8 81.6 122.4
300 0.049 29.4 58.8 88.2
365 0.043 25.8 51.6 77.4
280 + 300 0.112 67.2 134.4 201.6

Table 2 
Sequences and melting temperatures (Tm) of the primers and probe used for 
conducting the d-PCR.

Name Sequence Tm

invA-F 5’-CACCGAAATACCGCCAAT AAAG-3’ 54.3 ◦C
invA-R 5’-AGCGTACTGGAAAGGGAAAG-3’ 54.7 ◦C
invA-Probe 5′− /56-FAM/ATCGCACCD/ZEN/TCAAAGGAACCGTAA/ 

3IABkFQ/− 3’
60.8 ◦C

Notes: Both primers and probe were pruchased from ThermoFisher, 
Netherlands.
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et al., 2025b). To obtain a similar bacterial inactivation level as the 280 
+ 300 nm treatment, it was necessary to double the treatment time and 
increase the irradiance. It was only after a 90-min treatment period that 
a higher reduction was observed, reaching a 2.4 log CFU/g reduction 
with the same inoculum starting concentration. This finding supports 
the hypothesis that achieving a higher disinfection level is possible with 
extended treatment times.

Among the studied bacteria, B. cereus spores showed the greatest 
resistance. The study of spores is a prominent area of research in food 
microbiology, largely due to their resistance to disinfection treatments, 
including heat and chemical treatments, as well as their occurrence in 
spices (Mathot et al., 2021). This occurrence is due to the contamination 
of the spice during production and improper storage conditions, with 
B. cereus as one of the most common spore-generating species and black 
pepper as the main driver (Mathot et al., 2021). In the present work, the 
280 and 280 + 300 nm wavelength were the most effective in inacti
vating B. cereus spores, with a notable difference. Hinds et al. (2021)
showed that Bacillus subtilis was more effectively inactivated in black 
peppercorns by the 280 nm wavelength than by 300 or 365 nm (Hinds 
et al., 2021), indicating a higher susceptibility of Bacillus spp. to the 280 
nm wavelength. This wavelength is closer to the maximum DNA ab
sorption of most bacteria, including in the case of spores (Martín-Sómer 
et al., 2023). Consequently, it has the potential to produce a more pro
nounced impact on the DNA, thereby increasing the lethality of the 
treatment. While the wavelength can be tuned to effectively damage the 
DNA of specific bacteria, the 280 nm wavelength has been observed to 
also repress photoreactivation and dark repair by damaging DNA repair 
enzymes (Li et al., 2017), resulting in a higher lethality.

Furthermore, 280 nm UV light is effectively absorbed by aromatic 
bonds, including amino acids like tryptophan and tyrosine. This process 
promotes porosity in the membrane through amino acid photo- 
dissociation (Li et al., 2019). Additionally, it has been observed that 
the particle shielding effect of the matrix can be reduced due to the 

higher propensity of 280 nm to reach bacteria that are attached to 
particles or partially hidden in the matrix, and to inactivate aggregated 
bacteria more effectively (MacIsaac et al., 2023). Using a reactor is 
another effective method for reducing shadows and increasing the light's 
reach, as evidenced by the findings of previous studies (Arcos-Limiñana 
et al., 2025b; Ha and Kang, 2013; Park et al., 2019, 2020).

The lack of an additive effect of the combined 280 + 300 nm treat
ment suggests that either one or both wavelengths have a diminished 
capacity to reach the partially hidden bacteria after inactivating the 
most vulnerable ones. In this scenario, the limit of inactivation is being 
reached, and light cannot reach its target; therefore, no further disin
fection would be achieved even with higher irradiances or increased 
treatment times. However, other studies have used longer treatment 
times or higher doses and have observed a further disinfection than in 
the present study (Arcos-Limiñana et al., 2025b). In one study where a 
combined wavelength (254 + 352 nm) treatment was applied, a similar 
result was obtained as with individual wavelengths, particularly in the 
case of E. coli (Park et al., 2020). This study also observed a similar cell 
injury rate in the individual and combined treatments. Nevertheless, in 
another study that used the same wavelength combination but dis
infected Campylobacter jejuni, an increased disinfection rate was 
observed (Soro et al., 2021b), but the irradiation was not carried out on 
a food matrix. Further investigation is required to verify or refute this 
hypothesis by testing longer irradiation times.

In light of the aforementioned findings and the results of previous 
research, the 280 nm and the combined 280 + 300 nm wavelengths 
were observed to be the most effective treatments due to their effec
tiveness in damaging DNA and preventing self-repair mechanisms, 
although in the case of E. coli, the combined 280 + 300 nm treatment 
significantly improved the bacterial reduction. However, the treatment 
effectiveness of UV-LED technology should be assessed individually for 
each bacterium and sample.

Fig. 2. Mean log CFU/g reduction and standard deviation of Escherichia coli (A), Bacillus cereus spores (B) and Salmonella enterica serovar Weltevreden (C) in black 
peppercorns after different UV-LED wavelength irradiation and treatment times (min). Notes: Different letters represent significant differences (p < 0.05) between 
treatment times per wavelength.
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3.2. Effect of UV-LED on the viability of S. enterica

After the disinfection treatment, an aliquot of S. enterica was taken to 
extract the DNA to estimate the number of metabolically active and 
inactive cells resulting from it by adding DyeTox13 and using a PCR 
method. Although culturability was strongly correlated with treatment 
time and wavelength, no clear trends regarding cell state could be 
identified. The results of the dPCR, as illustrated in Fig. 3, show that no 
significant difference could be discerned between the active and inactive 
states of S. enterica in response to any of the UV wavelength treatments.

The findings observed in this study suggest that UV light may not 
directly inactivate bacteria, but rather induce the ABNC state among 
active cells, although high variations do not allow for small changes to 
be detected. The ABNC state is defined as the bacteria that are not cul
turable but whose metabolism is still active enough to eject the Dye
Tox13 out of the cell membrane. This state is induced by severe injuries 
or stress that prevents the cell from replicating permanently or tempo
rarily and has previously been observed to occur when exposed to UV 
irradiation (Liu et al., 2023; Xu et al., 2018). It has been observed that 
bacteria can recover from this state when in favourable and nutrient-rich 
environments, such as some types of food. Furthermore, viable but non- 
culturable pathogens have been observed to preserve some recovery 
capacity and infectivity (Liu et al., 2023; Zhang et al., 2015). However, 
relatively low doses of UV-C light have been observed to inhibit the DNA 
damage repair function, while higher doses produced observable DNA 
lesions (Xu et al., 2018). Nevertheless, it remains unclear whether 
different wavelengths and food matrices could lead to a decreased or 
enhanced recovery rate, since different behaviours have been observed 
among a range of species and environments (Ramamurthy et al., 2014).

Previously, the loss of culturability caused by UV light was observed 
using traditional methods (Nocker et al., 2007; Zhang et al., 2015), 
which prevented an accurate measurement of all viable bacteria. This is 
the first time of DyeTox13 v-PCR being conducted in a complex matrix, 

and a high variability was observed in the results, preventing the iden
tification of significant differences between cell states. A number of 
potential sources of uncertainty may have contributed to these results. 
As this particular dye has never been tested on such a complex matrix, it 
is reasonable to consider that a matrix effect has played a substantial 
role in the variability observed. The interference of molecules from 
black pepper may have hindered the ability of the dye to reach the target 
and perform its function effectively. Other sources of uncertainty might 
be the multi-step sample preparation procedure, which could have 
promoted the non-culturable state among the active bacteria; the pres
ence of a high number of dead cells; and high levels of biomass in the 
dilution (Fittipaldi et al., 2012).

In addition to food safety concerns, alterations in spice quality 
represent a significant issue when disinfection treatments are employed. 
Previous studies have demonstrated that UV-LED treatments can pro
mote both positive and negative changes in spices and other foods (Fan 
et al., 2021; Ghasemzadeh et al., 2016; Hinds et al., 2021; Jiang et al., 
2020), but despite the relevance of this topic, there is still a lack of 
studies in this area, and further research is required to advance in the 
understanding the strengths and weaknesses of UV-LED in the food 
industry.

4. Conclusion

The present study has demonstrated the efficacy of UV-LED coupled 
to an emulated vibration conveyor for the disinfection of black pep
percorns, using different wavelengths. The disinfection of E. coli and 
S. enterica resulted in a reduction of up to 1.65 and 1.35 log CFU/g, 
respectively. Additionally, the UV-LED treatment of B. cereus spores 
resulted in a reduction of up to 1 log CFU/g. The combined 280 + 300 
nm treatment was observed to be the most effective, or equally effective 
as, other wavelengths; however, the simultaneous irradiation of both 
wavelengths did not improve the outcome. Although this method 

Fig. 3. Mean cell state distribution (%) and standard deviation between metabolically inactive, active but non-culturable (ABNC) and culturable Salmonella enterica 
serovar Weltevreden after different UV wavelengths and treatment times.
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provided effective disinfection, the food industry often requires a higher 
level of disinfection. This can be achieved by increasing treatment times 
or irradiance, or by combining this method with other non-thermal 
disinfecting methods, such as cold plasma or ozone.

The lack of a significant reduction in the viable cell counts of 
S. enterica Weltevreden, despite a loss of culturability, suggests that the 
UV treatment may render a substantial proportion of cells non- 
culturable (ABNC) rather than lethally inactivating them. This high
lights a potential risk of underestimation using culture-based methods 
alone.

However, this same lack of significance could be due to the high 
variability observed. Several alternative approaches could be taken to 
enhance the measurement precision: to develop a more matrix- 
independent intercalating agent; to integrate it with complementary 
assays such as flow cytometry assays, metabolic activity measurements, 
SEM observations, or mRNA qPCR; to use an anionic surfactant to in
crease the permeability of dead cells without damaging the active cells; 
to use chemical agents to eliminate molecule interferents selectively; or 
to optimize the biomass, amount of DNA and the number of rounds of 
DyeTox13 for a specific matrix (Codony et al., 2020; dos Reis Lemos and 
Maisonnave Arisi, 2024; Xu et al., 2018). A better understanding of the 
nonculturable states in food matrices is necessary after non-thermal 
disinfections and would help to assess the real burden of pathogens in 
a nonculturable state in the food industry, especially after UV treatments 
(Xu et al., 2018).
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