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Abstract
Disinfection of fruits is one of the most important steps since they are going to be eaten
fresh-or minimally-processed. This step affects quality, safety, and shelf-life of the product. Despite
being a common sanitizer in the fruit industry, chlorine may react with organic matter leading to the
formation of toxic by-products. Alternative sustainable disinfection strategies to chlorine are under
study to minimize environmental and human health impact. Water-assisted UV-C light (WUV-C) is
proposed here as an alternative sanitizing method for strawberries. In this study, strawberries were
washed for 1 or 5 min in a tank with 2 or 4 lamps on, each emitting UV-C light at 17.2 W/cm2, or
in a chlorine solution (200 ppm, pH 6.5). Moreover, trials with 4 lamps on, together with a washing
solution consisting on peracetic acid at 40 or 80 ppm, were carried out. Overall, quality and
nutritional parameters of strawberries after treatments were maintained. Changes in color were not
noticeable and fruits did not lose firmness. No major changes were observed in antioxidant activity,
organic acid, anthocyanin, vitamin C, and total phenolic content. Yeasts and molds were not affected
by the WUV-C treatment, and 5 min were needed to significantly reduce total aerobic mesophylls
population. However, reductions of artificially inoculated Listeria innocua and Salmonella Typhimurium
after WUV-C treatments were comparable to those obtained with chlorine-wash, which were 3.0 log
CFU / g. Moreover, WUV-C light was effective to minimize microorganisms remaining in washing
water, avoiding cross-contamination and thus, allowing water recirculation. This effect was improved
when combining the action of UV-C light with peracetic acid, showing the suitability of this
combined treatment, understood as an alternative to chlorine sanitation, for sanitizing strawberries
and keeping the populations of pathogenic bacteria in washing water lower than 0.6 ± 0.1 log CFU
/ mL.
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Abbreviations
AAE

acid ascorbic equivalents

CFU

colony forming units

DPPH

2,2-diphenyl-1-picrylhydrazyl

FRAP

ferric reducing antioxidant power

FW

fresh weight

GAE

gallic ascorbic equivalents

H°

Hue angle

PA

peracetic acid

TA

titratable acidity

TAA

total ascorbic acid

TAM

total aerobic mesophyll

TCD

total color difference

TCEP

3,3′,3′′-Phosphanetriyltripropanoic acid

TPTZ

2,4,6-tris(2-pyridyl)-s-triazine

TSS

total soluble solids

UV-C

ultra-violet C light

Y&M

yeasts and molds
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Introduction

Strawberry (Fragaria × ananassa) production and consumption has practically doubled over
the past 15 years (Indexbox, 2017), being. Strawberries are generally considered a safe product, and
some authors reported the absence of pathogenic microorganisms in the sampled fruits (Ortiz-Solà,
2020). However, mold growth and loss of firmness of strawberries may cause losses of 10 % to 35 %
at retail and at consumer level, respectively, making the control of alterative microbiota a challenge
for fruit industry (Kelly, 2019). Moreover, berries including strawberries have been linked to safety
issues associated with foodborne pathogens, such as Salmonella spp. and Norovirus (EFSA, 2014)
and Listeria monocytogenes (Hadjilouka, 2014). The reported problem is mostly related to frozen
strawberries, that normally are washed and disinfected with chlorine before freezing.
Chlorine is a widespread sanitizer used as a water disinfectant to reduce pathogenic and other
microbiota loads in fruits and vegetables. However, its dependence on a number of factors, including
pH, concentration, and presence of organic matter (Chen, 2017) along with the health concerns
associated with its toxic by-products, such as chloroform and other trihalomethanes, chloramines
and haloacetic acids (Meireles, 2016), have led to a search for safer alternatives. Moreover, a recent
regulation from the European Comission (Regulation Comission (EU) 2020/685 stablishes the limits
of perchlorates, which are by-products of chlorine, in some foods specially in fruits and vegetables.
A chemical alternative that does not leave any residue on the food and has been proposed in the
literature is peracetic acid (PA), which is effective in decreasing the native microbiota and the
pathogenic contamination of produce such as strawberries, without decreasing the quality of the
fruits (Méndez-Galarraga, 2019; Nicolau-Lapeña, 2019; Van de Velde, 2014). Ultraviolet (UV) light
has also been proposed due to its inexpensiveness, efficacy on pathogen inactivation and reduced
unwanted physicochemical changes (Usaga, 2017). UV light is the portion of the electromagnetic
spectrum with wavelengths ranging between 100 to 400 nm. Within this, the fraction that has the
most germicidal effect is comprised between 100 and 280 nm, and it is known as UV-C light (PigeotRémy, 2012). Its mode of action consists of UV absorption by DNA and RNA, which in turn, origins
the formation of cyclobutene-pyrimidine and pyrimidine-pyrimidine dimers, blocking the elongation
of nucleic acid transcripts (Seltsam, 2011). This blocks and compromises cellular functions and
replication, causing the eventual cell death (Barba, 2017).
This study evaluates the role of an emerging technology consisting in UV-C light transmitted by
lamps immersed in stirring water (WUV-C), as an alternative to chlorine disinfection for strawberries.
This approach could overcome some of the drawbacks of air-transmitted UV-C light. Shallow
penetration ability, sample heating and shadowing effect of UV treatment limit its application in
decontamination of fresh produce (Liu, 2015). Agitation of fruits conveyed by water could serve to
prevent shadowing effect, which happens with static fruits. Otherwise, if the strawberries were
agitated in a dry surface, an increase of mechanical damages would occur. Moreover, water may
enhance the removal of microorganisms from rough surfaces or hidden in trichomes. There are
studies in which UV-C irradiation assisted by water has already been used to disinfect fresh produce
(Guo, 2017). The same WUV-C device used in this study was tested in vegetables in other
investigations (Collazo, 2018), but to the best of authors’ knowledge, this is the first approach to
disinfect strawberries in a system where lamps and fruits are immersed in water.
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The objective of this study was to evaluate the efficacy of this WUV-C system as a sanitizer treatment
for strawberries, for both epiphytic microbiota and artificially inoculated Listeria innocua and
Salmonella Typhimurium. Its efficacy was compared to that of chlorine, in order to evaluate WUV-C
as a potential alternative to this well stablished sanitation method. Moreover, microorganisms that
could remain in water were investigated in order to see the efficacy of UV-C lamps in sanitizing
washing water, in order to prevent cross-contamination. The effect on the quality and nutritional
parameters was also investigated, so as to provide a product that meets consumers’ needs. Once
verified the UV-C sanitizing effect and its impact on strawberry quality, this method was combined
with the use of peracetic acid in solution with the washing water, so as to improve the results
obtained with only UV-C irradiation while being able to diminish the washing time.
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Materials and methods

2.1

Materials

Strawberries (Fragaria x ananassa), had been harvested in Huelva between March and May in
the 2019 campaign and transported and kept in a cold store. They were bought in a local supermarket
the same day of the beginning of the experiment. Before the treatment, peduncle and leaves were
carefully removed.
Triptone soy broth (TSB), triptone soy agar (TSA), Palcam base agar and Palcam selective
supplement for Listeria, xilose lysine deoxycholate agar (XLD), yeast extract, plate count agar (PCA),
dichloran rose bengale chloramphenicol agar (DRBC), and peptone were obtained from Biokar
Diagnostics (Allonne, France). Dey-Engley broth was obtained from Honeywell Fluka (Madrid,
Spain). Peracetic acid (PA) 15 % was purchased from Panreac AppliChem (Barcelona, Spain).
Ascorbic, gallic, quinic, malic, citric, tartaric and fumaric acids, 2,4,6-tris(2-pyridyl)-s-triazine
(TPTZ), 2,2-diphenyl-1-picrylhydrazyl (DPPH), sodium carbonate, metaphosphoric acid, acetic acid,
3,3′,3′′- phosphanetriyltripropanoic acid (TCEP), were acquired from Sigma-Aldrich (Steinheim,
Germany). Catechin, cinnamic acid, coumaric acid, quercetin and kaempferol standards were
obtained from Merck (Darmstadt, Germany). Pelargonidin standard was purchased from
Extrasynthese (Genay, France). Methanol, acetone, chlorhidric acid (37 %), sodium acetate, sodium
hydroxide, sodium chloride, potassium chloride, ferric chloride hexahydrate and Folin Ciocalteau’s
reagent were procured by Panreac (Llinars del Vallès, Spain).

2.2

UV-C water-assisted equipment

Treatments were conducted in the UV-C water-assisted (WUV-C) equipment LAB-UVCGama (UVC-Consulting Peschl España, Castellón, Spain) (Figure 1 A and Figure 1 B). This
apparatus consists of a tank where 4 UV-C lamps (GPH303T5L/4, 254 nm) are installed, emitting
a power of 17.2 W each. The lamps are enclosed by a quartz tube (25 mm of outer diameter) to
prevent the lamp’s contact with the wash water and product. The equipment has a recirculating
system connected to a water pump and an aeration system that provides bubbling, which improves
accessibility to UV-C light from all sides of the fruit. Radiation, according to the simulation and
calculations given by the manufacturer, is distributed inside the empty tank as shown in Figure 1 C.
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Figure 1. (A) Scheme of the equipment: tank (1), UV-C lamps (2), water pump (3), water circuit valve (4), water
recirculation (5), air regulator valve (6), air inlet (7); (B) equipment: controller (1), tank (2), water pump (3), air
regulator valve (4), water circuit valve (5), water recirculator (6), UV-C lamps (7); (C) irradiance distribution
inside the tank: 3-D view (1) elevation view (2), section view (3)

Before the experiment, lamps were preheated for 10 min, to reach the maximum irradiance at the
start point of washing treatments. After this time, irradiance values in the empty tank were 5.8 and
10.5 W/cm2 with 2 and 4 lamps on, respectively, measured with a UV-sensor Easy H1 (Peschl
Ultraviolet, Mainz, Germany) through an orifice located on the lid of the tank. Afterwards, the
WUV-C tank was filled with 12 L of cold (6±2 °C) water and the UV-C lights were switched on
for 12-15 min. Absorbance at 254 nm of the water inside the tank was measured
spectrofotometrically using a GENESYS™ 10S UV–Vis spectrophotometer (Thermo Fisher
Scientific, MA, USA). Turbidity was measured using a portable turbidimeter (TN100, Eutech, Singapore) measuring in Nephelometric Turbidity Units (NTU). These measures were
taken before and after each treatment, to check the ability of UV-C light to be transmitted in this
media.

2.3

Washing treatments

For each treatment, 20 strawberries – average weight 25 ± 5 g – were immersed in 12 L of
cold (6 ± 2 °C) tap water in agitation. Experiments, with 3 repetitions each, were performed
separately for non-inoculated (one replication, n=3) and inoculated (two replications, n=6) fruits.
First, effect of WUV-C irradiation alone was studied. Four WUV-C treatments were proposed,
combining 2 or 4 lamps on with different contact times: 1 or 5 min: 2 lamps on for 1 min (2L-1
min), 2 lamps on for 5 min (2L-5 min), 4 lamps on for 1 min (4L-1 min), and 4 on lamps for 5 min
(4L-5 min). Then, the best WUV-C approach was selected for its combination with PA. For this
second trial, five treatments were proposed: WUV-C alone (WUV), PA at 40 ppm (PA 40) or 80
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ppm (PA 80) alone, and WUV-C with PA 40 ppm or 80 ppm (WUV + PA40 or WUV + PA 80). A
200 mg / L of free chlorine solution, adjusted to pH 6.5 using citric acid 2 M (NaOCl) was used as
a reference to compare the efficacy of WUV-C treatments with that of chlorine, to check if the
proposed UV-C method can be a good alternative to it. After NaOCl disinfection, strawberries were
rinsed in tap water. Moreover, a tap water control was added when performing the microbial trials
to determine the removal of the bacteria due to a physical effect. Water parameters including pH
and oxidation-reduction potential (ORP) were measured before and after each treatment. ORP and
pH were measured in a pH-meter (GLP22, Crison, Alella, Barcelona, Spain) equipped with a pH
probe (ref. 52-03, Crison) or ORP probe (ref.62-51 Hach, Vésenaz, Geneva), respectively.
After the washing, fruits were let at room temperature to drain the excess of water.

2.4

Effect of WUV-C treatment on the quality of strawberries

The trial to study quality and nutritional parameters was performed once, with 3 replications
(n=3) in non-inoculated strawberries. Determinations on fresh-product were carried out just after
the draining period, and aliquots of each treatment were frozen with liquid nitrogen, milled using a
MINIMOKA GR-020 grinder (Taurus Group, Barcelona, Spain) and stored at -80 °C for further
biochemical analysis. Finally, the remaining strawberries were stored at 4 ± 1 °C for 24 h, and they
were and analyzed or frozen after this time.
2.4.1

Quality analysis

For determining pH, total soluble solids and titratable acidity, strawberries were
smashed in a blender to prepare 25 mL of juice. Each parameter was evaluated twice for each
repetition (three repetitions) according to Nicolau-Lapeña (2019).
Color of 10 strawberries was measured on 3 sides, using a CR-200 Minolta Chrome Meter (Minolta,
INC., Tokyo, Japan) with a D65 illuminant and 10° observer angle. The instrument was calibrated
using a standard white reflector plate. Color was expressed as CIE L* a* b* coordinates. Total color
difference (TCD) (Eq. 1), and Hue angle (H°) (Eq.2) were calculated.
TCD = [(L* f – L* i )2 + (a* f – a* i )2 + (b* f – b* i )2] ½

Eq. 1

Where f = final (strawberries after each treatment) and i = initial (strawberries before any treatment)
H° = tan -1 (b* / a*)

Eq. 2

Texture changes were evaluated on 10 strawberries halves for treatment, that were cut immediately
before the determination. Two textural tests using the TA.XT Plus Connect texture analyzer (Stable
Micro systems Ltd., Surrey, England) were performed. In the compression test, the maximum force
required by 2 parallel plates to compress 6.0 mm a strawberry half was recorded. Puncture test was
performed with a 4 mm cylindrical probe, measuring the maximum force encountered when the
probe enters 8.0 mm deep into the tissue. Both tests were run at 5 mm/s speed with a trigger force
of 0.1 N.
2.4.2

Biochemical analysis

Antioxidant activity of strawberries was assessed by ferric reducing antioxidant power
(FRAP) and DPPH scavenging activity assays, as described in Nicolau-Lapeña (2019). Results are
expressed as µmol ascorbic acid equivalents (AAE) / 100 g FW of 3 repetitions (n=3).
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Content of organic acids, including tartaric, malic, fumaric, citric and quinic acid was determined
by high-performance liquid chromatography (HPLC) in a Waters 717 plus Autosampler HPLC
system (Waters Corp., NJ, USA) coupled to a UV detector, following the method described by
Scherer et al. (2012) with minor changes. Duplicate injections were performed, and average peak
areas were used for quantification (n=2). Concentrations of organic acids in samples were calculated
by the area interpolation on the adequate calibration curve.
Vitamin C contents expressed as the sum of ascorbic acid and dehydroascorbic acid (TAA), was
determined by high-performance liquid chromatography (HPLC) in a Waters 717 plus Autosampler
HPLC system (Waters Corp., NJ, USA) coupled to a UV detector, following the method described
by Lafarga (2018). Average peak areas of duplicate injections were used for quantification (n=2).
Concentration of vitamin C, expressed as mg TAA / 100 g FW, was calculated by the area
interpolation on the adequate calibration curve.
Anthocyanin extracts and quantification were carried out in triplicate (n=3) according to the
method described by Meyers (2003). Anthocyanin content was expressed as mg of cianidine-3glucosyde / 100 g of strawberry.
The total phenolic content (TPC) was assessed by Folin Ciocalteau method on the same extract
used for antioxidant activity determination, following the procedure described by Nicolau-Lapeña
(2019). Results were expressed as mg gallic acid equivalents (GAE) / 100 g FW of 3 repetitions
(n=3)
For a phenolic profile, extracts of phenolic were analyzed according to Aaby (2012), and da Silva
(2007) with minor modifications, on an Acquity UPLC system equipped with a diode array detector
(DAD) (Waters, Milford, MA, USA). The peaks were tentatively identified according to
chromatographic data from literature Aaby (2012) and da Silva (2007) and quantified by DAD
detection and external calibration curves with pure standards.
2.4.3

Microbiological quality

The effect of the washing treatments on total aerobic mesophylls (TAM) and yeasts and
molds (Y&M) was evaluated. For this, 25 g per repetition (n=3), taken from pieces of 2 strawberries
to ensure representativity, were diluted 1:4 in peptone buffered solution. The count process followed
the method described in (Nicolau-Lapeña, 2019). Results were expressed as log CFU / g, and the
detection limit was 20 CFU / g.
Remaining populations of, TAM and Y&M were also determined in wash water. Results were
expressed as log CFU / mL. When counts were below the limit of detection (5 CFU / mL), and
presence was confirmed by Dey-Engley color change, an arbitrary value of ½ limit of detection was
assigned.

2.5
Effect of W-UVC system in the survival of Listeria innocua and Salmonella
Typhimurium artificially inoculated on strawberries.
2.5.1

Strains and strawberries inoculation

Listeria innocua strain CECT-940 (Colección Española de Cultivos Tipo, Burjassot, Spain) was used
as a surrogate of L. monocytogenes in this study (Francis, 1997). Salmonella enterica subs. enterica serovar
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Typhimurium CECT-4594 was also used to inoculate strawberries. Cultures were prepared as
described in Nicolau-Lapeña (2019).
The day before the experiment, strawberries designated for this purpose were inoculated with a
suspension containing 1010 CFU / mL of L. innocua or S. Typhimurium at stationary phase, by
pipetting 50 µL in small droplets on the surface. Once dried, strawberries were stored at 4 ± 1 ºC
overnight. Concentration immediately after the inoculation and drying, and also after storage was
checked by plating in duplicate in selective Palcam or XLD media for L. innocua and S. Typhimurium,
respectively.
Washing treatments were performed as indicated in section 2.3. The experiment was repeated twice.
2.5.2

Determination of L. innocua and S. Typhimurium populations

One strawberry per repetition was used for microbiological analysis (n=6). Populations were
determined by plate count on selective Palcam medium for L. innocua or XLD for S. Typhimurium
in duplicate, as it has been previously described in Nicolau-Lapeña (2019). Results were expressed
as log CFU / fruit, and detection limit was 20 CFU / fruit.
Logarithmic reductions of the pathogens were calculating by the following equation (Eq. 1)
� 0 ) – Log 10 (N t )
Log reductions (Log cfu/fruit) = Log 10 (𝑁𝑁
R

Eq. 1

� 0 is the mean of the initial population (CFU / fruit), and N t is the population after the
where 𝑁𝑁
washing treatment (CFU / fruit).
R

Remaining populations of L. innocua and S. Typhimurium were determined in wash water. Duplicate
1-mL samples of wash water after treatment were neutralized in 9 mL Dey-Engley medium. Results
were expressed as log CFU / mL. When counts were below the limit of detection (50 CFU / mL),
and presence was confirmed by Dey-Engley color change, an arbitrary value of ½ limit of detection
was assigned.

2.6

Statistical analysis

All data were checked for significant differences by applying analysis of variance test
(ANOVA). The criterion for statistical significance was p < 0.05. When significant differences were
observed, Tukey’s Honest Significant Difference (HSD) of the means was applied. Principal
components analysis (PCA) was carried out to obtain correlations among phenolic profile of
strawberries. All statistical analyses were carried on using JMP 13 (SAS Institute Inc., Cary, USA).
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3

Results and discussion

3.1

Properties of washing water

Water used to wash strawberries was controlled during each treatment. For those treatments
with no chemical solution (control or WUV-C), pH values were 7.95 ± 0.22, while for those with PA
40, PA 80 ppm or NaOCl, pH values were, 5.79 ± 0.21, 4.64 ± 0.08, or 6.56 ± 0.11, respectively. For
the same conditions, ORP values were 256 ± 22 (control or WUV-C), 444 ± 16 (PA 40 ppm), 504 ±
3 (PA 80 ppm), and 891 ± 4 (NaOCl). Washing treatments were carried out at 7.5 ± 0.5 ºC. To check
that dispersion of radiation through water was not reduced by any turbidity of the media, turbidity
and absorbance at 254 nm were measured. For all treatments, turbidity values were 0.9 ± 0.2 NTU,
and absorbance was 0.073 ± 0.035, indicating no interference of irradiation caused by presence of
particles or dirt in water.

3.2

Quality changes in strawberries

3.2.1

Physicochemical quality

Physicochemical quality of non-washed strawberries indicated that samples had a pH of 3.57
± 0.07, TSS values of 6.60 ± 0.01 °Brix and TA of 6.12 ± 1.87 mg citric acid / L juice (Data not
shown). When strawberries were washed, pH statistically decreased by approximately 0.2 points,
reaching 3.21 ± 0.04 when NaOCl was used in water (Table 1). This treatment also showed the
highest TA, reaching a concentration of 8.07 ± 0.70 mg citric acid / L juice. This was not attributed
to residual chlorine on the surface of strawberries, because an additional washing step with water
was added to remove any residue after this treatment. Although statistically significant differences
were observed on pH, TSS and TA values, a general tendency was not detected, and changes could
not be attributed to WUV-C doses or times.
Table 1. Quality assessment of strawberries after washing treatments. Values are the mean of 3 repetitions ±
standard deviation. Different letters show statistically significant differences (p < 0.05) between treatments.

3.2.2

pH

TSS (°B)

TA (mg citric acid / L)

NaOCl

3.21 ± 0.04 d

5.67 ± 0.42 c

8.07 ± 0.70 a

UV-2L-1 min

3.36 ± 0.02 bc

6.17 ± 0.82 a

6.63 ± 0.89 b

UV-2L-5 min

3.35 ± 0.07 c

5.93 ± 0.68 b

5.26 ± 0.55 c

UV-4L-1 min
UV-4L-5 min

3.32 ± 0.05 c
3.43 ± 0.00 a

5.90 ± 0.35 d
5.50 ± 0.26 b

5.70 ± 0.43 bc
6.21 ± 0.48 bc

Color and texture

Color of strawberries, expressed as CIE L*a*b* coordinates, was L* of 43.5 ± 4.8, a* of
32.9 ± 0.3 and b* 29.1 ± 8.5 (see Supplementary material). The higher L* and b* values than those
reported by other authors (Kelly, 2019) mean a greater luminosity and yellowish color of the
strawberries of this study. There were no statistical differences in L*a*b* coordinates nor in H°,
which was on average 40.92 ± 0.01, between the treatments. In strawberries, color is highly correlated
with the anthocyanin content. When washed with NaOCl or 4L-1 min, TCD reached the highest
values of 3.1 and 3.0, but in all cases, TCD was lower than 3.5 which, according to Mokrzycki (2011),
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would not be noticed by the inexperienced viewer. No changes in color were also reported by Liu
(2014), after applying 4,1 kJ / m² UV-C irradiation (in air) on strawberries.
Firmness of strawberries before and after the washing treatments was assessed by compression and
pricking tests. There were no significant statistical differences in firmness immediately after the
WUV-C washings, neither between the treatments or when compared to the NaOCl treatment.
Average compression force was 44.6 ± 3.1 N and pricking test results were 3.6 ± 0.3 N (see
Supplementary material). The preservation of firmness is important in strawberries to maintain
quality through all the supply chain steps, as soft fruits are more likely to mechanical damage and
waste at consumer level (Kelly, 2019). Liu (2014) also reported no changes in strawberry firmness
after WUV-C irradiation.

3.3

Biochemical characterization

3.3.1

Antioxidant activities

Antioxidant activity of strawberries, washed or not with WUV-C, was assessed by FRAP
and DPPH· free radical scavenging ability assays.
Initial antioxidant values were 797 ± 46 and 608 ± 8 µmol AAE / 100 g FW for FRAP and DPPH·
assays, respectively (Data not shown). These values were in accordance with those reported in
literature for 90 different strawberry cultivars (Nowicka, 2019). Antioxidant activity in fruits was
maintained whether WUV-C was applied or not with no significant differences observed among
treatment conditions (Data not shown).
3.3.2

Acid organic contents

Content of organic acids was determined in both WUV-C light treated and non-treated
strawberries, immediately after the treatment and 24 h later (Figure 2). Initial amounts of quinic,
malic, citric, tartaric and fumaric acids in strawberries were 126.6 ± 13.5, 18.5 ± 1.8, 820.5 ± 45.9,
155.0 ± 15.7 and 2.4 g / 100 g FW, respectively. No significant differences were detected in quinic
and tartaric acids values between WUV-C treatments. For the other acids, changes did not show a
clear tendency related with treatment times or WUV-C light dose. This independent variation has
also been reported in cucumber treated with UV-C light at 8.2 W / m2 for 1, 5 or 10 min (Erkan,
2001). In general, all the treatments showed the same trend in organic acid content after 24 h. The
only exception was observed after applying 2L-5 min treatment to strawberries, which showed an
inverse progression when compared to the other treatments of the same acid. As far as we know,
there is no study in the literature reporting the evolution of organic acids in fruit matrices depending
on WUV-C treatment.
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Figure 2. Organic acid content of strawberries immediately after the washing treatments ( ) and 24 after storage
at 4ºC ( ). Contents expressed as mg quinnic acid / 100 g FW (A), mg mallic acid / 100 g FW (B), mg citric acid
/ 100 g FW (C), mg tartaric acid / 100 g FW (D), and mg fumaric acid / 100 g FW (E). Results are the mean of
2 repetitions ± standard deviation. Different letters show statistically significant differences (p < 0.05) between
treatments and days.

3.3.3

Vitamin C content

Vitamin C, expressed as the sum of ascorbic acid and dehydroascorbic acid (TAA), was
determined in fresh strawberries. Initial values were of 29.8 ± 1.0 mg TAA / 100 g FW (Data not
shown), and immediately after the WUV-C treatments (Table 2), no statistical differences were
observed when compared to NaOCl washing. A decrease in AA has been accounted (Gopisetty,
2018), explained by induced molecular excitation and subsequent photochemical reactions. In
contrast, no changes were reported by Allende (2007) when irradiating strawberries at doses of 0.28
kJ / m2. In this study, after 24 h, TAA slightly increased in all the treatments and in the control. A
similar increase was also reported by Jagadeesh (2011), who applied UV-C doses of 3.7 kJ / m2 to
tomatoes, and AA increased throughout storage time.
Table 2. Total ascorbic acid (TAA), anthocyanins and total phenolic contents of strawberries just after the
treatments (0 h) or after 1 day storage at 4 ºC (24 h). Values are the mean of 3 repetitions ± standard deviation.
Different lowercase letters mean statistically significant differences between treatments within the same day, and
different capital letters mean statistically significant differences between days for one treatment (p < 0.05).

TAA
(mg ascorbic acid/100g FW)
0h
24 h

Anthocyanins
(mg/kg)
0h
24 h

NaOCl

26.4 ± 0.1 abA

30.9 ± 1.6 aB

19.1 ± 0.2 aA

20.7 ± 0.4 abB

106.5 ± 2.3 aA

126.7 ± 10.0 aB

UV-2L-1 min

25.6 ± 1.4

32.5 ± 2.0

15.0 ± 1.3

19.2 ± 0.7

122.7 ± 4.8

120.7 ± 13.6 aA

UV-2L-5 min

29.5 ± 2.2 abB

25.2 ± 0.7 bA

16.5 ± 0.9 abA

17.4 ± 0.1 cB

115.6 ± 8.0 aA

114.8 ± 8.9 aA

UV-4L-1 min

28.. ±1.9 abA

32.4 ± 0.8 aB

14.3 ± 0.4 bA

19.5 ± 0.8 bcB

110.3 ± 1.3 aA

111.7 ± 0.4 aA

UV-4L-5 min

31.3 ±1.6 aB

30.2 ± 0.1 aA

17.7 ± 1.6 abA

22.2 ± 1.0 aB

115.9 ± 2.1 aA

118.9 ± 11.5 aA

3.3.4

bA

aB

abA

TPC
(mg GAE /100 g FW)
0h
24 h
bcB

aA

Anthocyanin contents

Initial anthocyanin content of strawberries was 12.5 ± 0.4 mg / kg FW (Data not shown).
Maximum values of 22.2 ± 1.0 mg / kg FW were achieved after 2L-5 min WUV-C washing (Table
2). As has been reported by other authors (Sheng, 2018), phenylalanine ammonia lyase (PAL)
expression and activity is enhanced when hormetic doses of UV-C light are applied, suggesting a
possible further increase in anthocyanins after irradiation. Nevertheless, no significant differences
were found in this study, neither immediately after washing nor after 24 h of treatment. UV-C light,
did not increase anthocyanin content after 1 day, comparably to Li (2014) results, who irradiated
strawberries with 4.1 kJ/m2 UV-C and did not found any change on anthocyanin content.
3.3.5

TPC and phenolic profile

Strawberries processed in this study had an initial TPC value of 113.2 ± 11.8 mg GAE / 100
g FW (Data not shown), which are in agreement with the literature (Tarola, 2013) and no significant
differences were observed in TPC values among the treatments or within days (Table 2). WUV-C
light, could induce an accumulation of phenolics during storage, as it may trigger the accumulation
of WUV-C light absorbing flavonoids and other phenolic compounds (Mditshwa, 2017).
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Xu (2017) used different UV-C light doses and found an increment of 25 to 75 % of the TPC,
namely cyanidin 3- glucoside, pelargonidin 3-glucoside or ellagic acid. Predominant compounds were
pelargonidin derivatives, which give color to strawberries, followed by kaempferol derivatives (Table
3 and Supplementary material), which was in accordance to (Aaby, 2012). No direct relationship has
been found between WUV-C doses and changes in phenolic profile in the present study (Table 3).
To a better understanding of the variations in phenolic profile, a study of the effect of UV-C doses
on enzymes related to the flavonoids and the shikimate pathway would be worth to be carried out
(Tomás-Barberán, 2001).
Table 3. Content of phenolic compounds on strawberries just after the treatments (0 h) or after 1 day of storage
at 4 ºC (24 h). Values are the mean of 2 repetitions ± standard deviation. Different lowercase letters mean
statistically significant differences between treatments within the same day, and different capital letters mean
statistically significant differences between days for one treatment (p < 0.05).
Galloyl-diHHDP-glucose
(mg/100 g DW)
0h
24 h

(+)-Catechin
(mg/100 g DW)
0h

24 h

Cinnamoyl glucose
(mg/100 g DW)
0h
24 h

NaOCl

31.8 ± 2.9

18.3 ±

0.7 aA

20.1 ± 0.3 aA

42.2 ± 1.1 aA

49.5 ± 3.9 aA

UV-2L-1 min

25.4 ± 2.3 aA

33.8 ±4.4 aA

14.9 ± 2.5 aA

16.5 ± 0.8 aA

41.6 ± 1.4 aB

37.5 ± 3.6 aA

UV-2L-5 min

28.5 ± 2.2 aA

27.6 ±0.6 aA

18.4 ± 0.8 aA

19.6 ± 1.9 aA

45.0 ± 4.9 aA

46.1 ± 1.5 aA

UV-4L-1 min

29.3 ± 5.8 aA

25.7 ± 3.1 aA

17.3 ± 0.7 aA

16.9 ± 1.5 aA

55.1 ± 4.7 aA

53.7 ± 6.2 aA

UV-4L-5 min

27.6 ± 3.0 aA

26.7 ± 2.0 aA

19.7 ± 0.5 aA

19.2 ± 0.4 aA

50.8 ± 3.7 aA

47.9 ± 3.3 aA

aA

29.2 ±

1.7 aA

Coumaroyl hexose I
(mg/100 g DW)
0h
24 h

Coumaroyl hexose II
(mg/100 g DW)
0h
24 h

Quercetin glucuronide
(mg/100 g DW)
0h
24 h

NaOCl

14.7 ± 0.1 aA

14.7 ± 0.6 aA

17.8 ± 0.8 aA

18.5 ± 1.9 aA

14.0 ± 0.4 aB

8.8 ± 0.2 cA

UV-2L-1 min

11.4 ± 0.2 bA

9.9 ± 0.5 bA

13.4 ± 0.8 aA

11.8 ± 1.7 aA

8.2 ± 0.1 cdA

12.1 ± 0.0 aB

UV-2L-5 min

12.1 ± 0.9 bA

15.0 ± 0.6 aA

14.3 ± 1.9 aA

17.7 ± 1.3 aA

12.1 ± 0.6 bA

11.0 ± 0.1 abA

UV-4L-1 min

14.7 ±

0.8 aA

15.0 ±

0.7 aA

17.1 ±

1.6 aA

17.7 ±

2.7 aA

9.6 ±

0.3 cA

8.9 ± 0.5 cA

UV-4L-5 min

13.5 ±

0.2 abA

14.9 ±

0.2 aA

16.1 ±

1.5 aA

18.2 ±

1.5 aB

7.5 ±

0.1 dA

9.9 ± 0.5 bcB

Kaempferol glucuronide
(mg/100 g DW)

Kaempferol malonylglucoside
(mg/100 g DW)

Kaempferol
coumaroylglucoside
(mg/100 g DW)

NaOCl

0h
60.2 ± 1.1 aB

24 h
47.8 ± 1.4 cA

0h
22.8 ± 1.7 abA

24 h
25.8 ± 0.3 abA

0h
40.1 ± 3.8 aA

24 h
32.1 ± 13.9 aA

UV-2L-1 min

45.4 ± 1.9 bA

64.7 ± 0.4 aB

20.0 ± 0.1 bA

28.1 ± 1.5 aB

36.3 ± 1.0 aA

73.6 ± 7.9 aB

UV-2L-5 min

52.0 ± 2.4 abA

61.4 ± 2.3 abA

24.4 ± 0.3 aA

27.5 ± 1.0 aA

26.1 ± 8.4 aA

64.1 ± 10.2 aB

UV-4L-1 min

48.2 ± 3.7 aA

45.5 ± 2.6 cA

23.6 ± 0.0 aA

23.2 ± 0.5 bA

28.1 ± 3.3 aA

36.5 ± 8.4 aA

UV-4L-5 min

46.6 ± 2.5 aA

53.8 ± 2.9 bcA

22.2 ± 0.3 abA

25.7 ± 1.5 abA

26.6 ± 4.3 aA

53.7 ± 12.8 aB

Pelargonidin galactoside

Pelargonidin glucoside

Pelargonidin acetylglucoside

(mg/100 g DW)

(mg/100 g DW)

(mg/100 g DW)
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NaOCl

0h
205.7 ± 0.4 aB

24 h
161.1 ± 1.8 bA

0h
418.2 ± 27.1 aA

24 h
407.2 ± 19.7 aA

0h
109.9 ± 4.9 aA

24 h
95.4 ± 1.9 bcA

UV-2L-1 min

132.9 ± 6.9 cA

182.8 ± 2.2 abB

334.1 ± 0.6 bA

374.2 ± 31.2 aA

80.5 ± 1.3 aA

108.7 ± 2.4 abB

UV-2L-5 min

167.6 ± 1.6 bA

195.3 ± 1.3 aA

408.0 ± 36.3 abA

455.5 ± 1.9 aA

105.2 ± 7.1 aA

117.1 ± 2.6 aA

UV-4L-1 min

151.4 ± 0.3 bcB

108.6 ± 8.5 cA

418.7 ± 44.7 abA

417.3 ± 19.3 aA

97.2 ± 6.2 aA

82.7 ± 6.1 cA

UV-4L-5 min

138.7 ± 0.3 bcA

177.4 ± 13.0 abA

381.8 ± 24.7 bA

412.6 ± 1.6 aA

85.7 ± 2.2 aA

102.5 ± 2.8 bB

3.4

Effect of WUV-C on microbial load of strawberries and wash water

Total aerobic mesophylls (TAM) and yeasts and molds (Y&M) initial population in
strawberries were 4.3 ± 0.3 and 4.0 ± 0.3 log CFU / g, respectively (Figure 3 A). Washing processes
with 2 or 4 lamps for 5 min were needed to significantly reduce these populations in strawberry.
TAM counts after 2L-5 min and 4L-5 min UV-C doses were reduced by 1.8 ± 0.4 and 1.5 ± 0.6 log
CFU / g, respectively, which were equivalent to the NaOCl counts. Y&M population was maintained
after all treatments except for NaOCl and 4L-5 min, in which the decrease was 1.8 ± 0.8 and 1.2 ±
0.5 log CFU / g, respectively. These results are in dissonance with those published by Collazo (2018),
where the highest reduction of spoilage microorganisms in broccoli did not correlate to higher
WUV-C dose, applied with the same equipment. Variability in fruit or vegetable surface may be a
factor that influences bacterial attachment and further removal, due to surface roughness,
hydrophobicity, and presence of trichomes (Adhikari, 2015). Moreover, complexity and
predominance of certain genres and species above others may lead to a diverse susceptibility
mechanisms to UV-C light (Kim, 2018).
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Figure 3. (A) Counts of total aerobic mesophylls ( ) and yeasts and molds ( ) in strawberries before (initial)
and after washing treatments. Detection limit was 1.70 log CFU / g. Results are the mean of 6 repetitions ±
standard deviation. Different letters show statistically significant differences (p < 0.05) between treatments. (B)
Remaining population of total aerobic mesophylls ( ) and yeasts and molds ( ) in washing water. Detection
limit was 0.7 log CFU/g. Results are the mean of 3 repetitions ± standard deviation. Different letters show
statistically significant differences (p < 0.05) between treatments

In washing water, population of TAM and Y&M was 3.6 ± 0.1 and 3.1 ± 0.1, log CFU / mL,
respectively, in control water without NaOCl nor WUV-C light (Figure 3 B). This load could be
attributed to the transference of the microorganisms from fruit surface to water due to physical
action of water pressure, agitation and aeration (bubbles), explaining the reduction of microbial load
in strawberries in water control, as detailed above. The most effective treatment – whose reductions
comparable to the NaOCl washing – against TAM and Y&M in water was 4L-5min, which in the
end, remained in water 0.2 ± 0.1 and 0.4 ± 0.1 log CFU / mL, respectively.

3.5
Effect of WUV-C on L. innocua and S. Typhimurium in strawberries and wash
water
Regarding pathogenic bacteria, initial L. innocua and S. Typhimurium populations in
artificially inoculated strawberries were 6.4 × 106 and 1.7 × 107 CFU / strawberry, respectively
(Data not shown). After storage at 4 ºC for 22 ± 2 h, L. innocua populations were maintained, while
S. Typhimurium populations in strawberry decreased 1 log unit. WUV-C washing procedures did
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not differ statistically in reductions, having counts decreased 4.5 ± 0.3 and 3.7 ± 0.5 log CFU /
strawberry for L. innocua and S. Typhimurium, respectively (Figure 4 A). Moreover, reductions after
washing treatments with UV-C light were similar to those after NaOCl washing, which were 3.0 ±
1.2 and 4.9 ± 0.6 log CFU / strawberry of L. innocua and S. Typhimurium, respectively. Only when
4 lamps were on, reductions of L. innocua were over 2-log higher from those obtained with the water
control, which were 2.4 ± 0.9 log CFU / fruit. Regarding S. Typhimurium, no treatment, except for
NaOCl, achieved statistically more reductions than control. In our study, water-assisted UV-C light
acted as an effective disinfectant method whose effects could be comparable with those obtained
with NaOCl at the same doses used in the food industry. In fact, its effect has been demonstrated
in a number of foodborne and spoilage microorganisms, including E. coli, Salmonella Typhi, Shigella
sonnei, Streptococcus faecalis, Staphylococcus aureus and Bacillus subtilis (Chang, 1985), L. monocytogenes and
Clostridium sakazakii (Cebrián, 2016), in different extents. In contrast, Collazo (2019) did not achieve
effective inactivation for either of the pathogens studied, L. monocytogenes and S. enterica, in baby
spinach leaves, when applied a 0.5 kJ/m2 dose. Butot (2018) reported no more than 1 log reduction
on artificially inoculated blueberries, raspberries or strawberries with L. monocytogenes, E. coli O157:H7
and S. enterica. This trial was conducted with a UV-C device using intensities ranging from 2.12 to
13.31 kJ / m2, but it was not water-assisted. In fact, water-assisted UV-C light has been more
successful in reducing pathogenic loads on fruits, and this could be attributed to the higher efficacy
of the water-assisted procedure, which may have overcome the limitations of UV-C light transmitted
by air, such as shadowing effect (Liu, 2015). Water agitation can also be helpful in removing bacteria
that would otherwise be lodged in trichomes or cracks (Butot, 2018).
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Figure 4. (A) Reductions of L. innocua ( ) and S. enterica ( ) populations in strawberries after washing treatments
with WUV-C irradiation alone. Detection limit was 1.70 log CFU / g. Results are the mean of 6 repetitions ±
standard deviation. Different letters show statistically significant differences (p < 0.05) between treatments. (B)
Remaining population of L. innocua ( ) and S. enterica ( ) in washing water. Detection limit was 0.7 log CFU /
g. Results are the mean of 6 repetitions ± standard deviation. Different letters show statistically significant
differences (p < 0.05) between treatments.

In washing water, counts of L. innocua and S. Typhimurium in control water without NaOCl and
WUV-C light reached 4.2 ± 0.2 and 4.1 ± 0.2 log CFU / mL, respectively (Figure 4 B). L. innocua
population in wash water after WUV-C treatments and NaOCl sanitization were not statistically
different, and this microorganism persisted in concentrations of 0.2 ± 0.2 log CFU / mL in all cases
except for 2L-1 min, which was 1.00 ± 0.9 log CFU / mL. Counts of S. Typhimurium in water did
not differ between WUV-C treatments or NaOCl, averaging 0.2 ± 0.2 log CFU / mL. Indeed, UVC irradiation has been widely used as a non-thermal method of disinfecting drinking, waste and
recreational water (Beck, 2015) and its effectiveness has been already demonstrated in disinfecting
liquid matrices of different natures (Gunter-Ward, 2018; Jeon, 2018). Minimizing microbial load in
washing water is crucial in the fruit industry, to prevent cross-contamination when it is reused in the
process. The amount of wastewater generated per mass unit of product depends on the disinfection
technique employed, so being UV-C irradiation capable of disinfecting efficiently both the process
water and the product, a higher ratio of recycling can be achieved, with a lower impact on the
environment (Kretzschmar, 2009).
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3.7
Efficacy of WUV-C combined with PA on the reduction of pathogens
artificially inoculated on strawberries
To combine UV-C irradiation with the use of PA, treatments with 4 lamps were chosen.
One of the reasons was because in some cases, higher reductions of microorganisms in strawberry
and in water were observed with this dose. The other, is that in the trials with PA there was the
intention to maximize the UV-C irradiation, to reduce treatment time in order to avoid mechanical
damages that could affect strawberries during commercialization. According to previous studies of
the research group (Nicolau-Lapeña, 2019), 2 min washing with PA at concentrations of 40 and 80
ppm were needed to exert any significant change in disinfection of strawberries, so these
concentrations and time were selected to this optimization trial. It was assumed that if 2 min washing
with PA was effective, the time could be decreased from 5 min to 2 min. Moreover, an additive
effect was expected when using PA in combination with the UV-C lamps; so that the concentration
of PA at 40 ppm with UV-C irradiation could equal the effect of 80 ppm PA without UV-C
application. As Regarding strawberry quality, nutritional parameters and biochemical
characterization immediately after the washing treatments, no substantial changes attributed to
WUV-C irradiation or PA were observed in this or previous studies (Nicolau-Lapeña, 2019).
Considering this, determinations of parameters other than the two pathogens counts were not
carried out in the combination of WUV-C and PA trials.
In strawberries, the initial load of artificially inoculated L. innocua and S. Typhimurium was 6.3 × 107
and 1.7 × 107 CFU / strawberry (Data not shown). L. innocua was reduced 2.4 ± 0.8 and 4.3 ± 1.0
log CFU / strawberry, and S. Typhimurium 2.4 ± 0.1 and 4.7 ± 0.1 log CFU / strawberry, by control
and by NaOCl washing, respectively (Figure 5 A). Reductions caused by WUV, PA 40 or PA 80
alone, even though similar to NaOCl values, were no statistically different from control. However,
reductions after treatments with the combinations, WUV + PA 80 for L. innocua, and WUV + PA
40 for both pathogens, were statistically higher than control and comparable to NaClO. These results
contrast with those obtained by Collazo (2019) in lettuce or spinach leaves inoculated with L.
monocytogenes or S. Typhimurium. They explained that the lack of synergistic effect could be related
to the ability pathogens of interacting with the plant-associated microbiota, or to their internalization
and attachment to the plant tissue during overnight incubation, which could have reduced the
accessibility of UV-C and PAA or led to induced resistance of bacteria against antimicrobial
mechanisms. In this paper, combination of both mechanisms, physical and chemical, showed
improved results than their separate applications. One possible reason could be that the attachment
of the pathogens to the fruit surface is different than in the leaves surface, or that the distribution in
the tank of both products may differ due their structural differences.
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Figure 5. (A) Reductions of L. innocua ( ) and S. enterica ( ) populations in strawberries after washing treatments
with WUV-C combined with PA at different doses for 2 min. Detection limit was 1.70 log CFU / g. Results are
the mean of 6 repetitions ± standard deviation. Different letters show statistically significant differences (p <
0.05) between treatments. (B) Remaining population of L. innocua ( ) and S. enterica ( ) in washing water.
Detection limit was 0.7 log CFU / g. Results are the mean of 6 repetitions ± standard deviation. Different letters
show statistically significant differences (p < 0.05) between treatments.

The efficacy of the combination of WUV-C with PA at two different concentrations was also studied
in the wash water after treatments, focusing on the counts of the viable pathogens. After washing
with water alone (control) 4.4 ± 0.5 and 4.4 ± 0.3 log CFU / mL of L. innocua and S. Typhimurium
remained in water (Figure 5 B). Therefore, even the water wash was as effective as the other
treatments evaluated, which could be attributed to the mechanical effect caused by water agitation
that drags the microorganisms from the surface of the fruit to the water, pathogenic microorganisms
remained in the water, allowing cross-contamination. As expected, NaOCl achieved absence of
pathogens in washing water. S. Typhimurium remained at concentrations of 0.4 ± 0.1 log CFU /
mL in water after all the other treatments. Meanwhile, L. innocua was not detected in WUV + PA 40,
WUV + PA 80 and PA 80, in contrast with 0.6 ± 0.3 and 0.4 ± 0.1 log CFU / mL found in WUV
and in PA 40, thus meaning and improvement in the efficacy of the combination of WUV + PA
compared to those treatments applied separately. In fact, this combination has been studied for the
disinfection of E. coli, Enterococcus spp., somatic coliphage, and Cryptosporidium parvum in waste water,
and a pilot plant to escalate this application has been set up recently (Hassaballah, 2019; Hassaballah,
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2020), showing promising outcomes. But it should be pointed out that, the fact that some bacteria
may remain viable in the washing water must be controlled. Recirculation of this water could
constitute a problem if incoming strawberries were contaminated. The potential of the lamps
permanently irradiating the recirculated water should also be assessed, in order to verify if that could
be reused safely after more exposure time to UV-C light.
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4.

Conclusions

The results of this study indicate that water-assisted UV-C light disinfection has been useful
in reducing artificially inoculated L. innocua and S. Typhimurium in strawberries. Reductions could
be comparable to those obtained when using a standard sodium hypochlorite treatment. WUV-C
light helped minimizing remaining population of both, pathogenic and spoilage microorganisms in
washing water. It would make this technique suitable for its use in the washing step in fruit industry
to allow water recirculation and reduce the risk of cross-contamination. In general, the innovative
WUV-C treatment evaluated did not affect physicochemical and nutritional quality of strawberries.
In order to improve the effectiveness of the WUV-C light in strawberry sanitization, this waterassisted system can be combined with other substances that can be solved in water, such as organic
acids or essential oils, or with other technologies not involving high temperatures, such as ultrasound
application. In this study, PA was combined with the use of WUV-C light. In this case, WUV-C light
combined with PA at 40 ppm for 2 min proved to be effective in the disinfection strawberries and
their washing water, with results comparable to those obtained with chlorine. This treatment allowed
the reduction of treatment time from 5 to 2 min. It is important to note that, even though this study
has shown the potential of UV-C light assisted by water, and the suitability of combining this
treatment with PA, it was carried out at lab scale (using a low proportion strawberries:water). More
studies should be carried out in order to determine the feasibility to scale up this disinfection
procedure and its suitability for the actual fruit industry conditions. Normally, strawberries that will
be sold in the fresh market are not washed to prevent further softening and mold growth (because
these fruits are a delicate product). In this paper, only immediate effect of the proposed UV-C
technique has been determined. For this, further investigations will be focused on the shelf-life of
strawberries, both fresh and frozen. Also, more studies will be needed to study possible synergistic
effects of combined methodologies.
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Supplementary figure. HPLC chromatogram of strawberry phenolic compounds, obtained at 280, 360 and 490
nm, showing (+)-catechin (1), coumaroyl hexose I (2), coumaroyl hexose II (3), pelargonidin galactoside (4),
pelargonidin glucoside (5), cinnamoyl glucose (6), quercetin-3-O-glucuronide (7), pelargonidin acetylglucoside (8),
kaempferol-3-O-glucuronide (9), galloyl-diHHDP-glucose (10), kaempferol-3-O-malonylglucoside (11), and
kaempferol-3-O-coumaroylglucoside (12).
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