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Optimization of Non-Thermal Technology in Food Processing

Milan Hougka 1* and Roman Buckow 2
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1. Brief Overview of Recent Developments in the Field

Any new food processing technology must first be subjected to extensive research to
verify the safety and quality of the food that it creates. Following this, the effects of the
various physical parameters of the technology (for example, temperature, pressure, pH,
water activity) are able to be examined. When enough publications are made focusing
on a particular technology, authors are able to write reviews. High-pressure processing
technology [1-3] and pulsed electric fields [4] have gone through this process. Additionally,
Reference [4] has provided a comprehensive overview of a number of modern non-thermal
technologies [5].

Our Special Issue is dedicated to non-thermal food processing, but it covers only a
very small part of this area of food production. These methods have a promising future as
consumers are increasingly coming to prefer gentler processing methods to safeguard their
health, despite that fact that these products have shorter shelf lives.

Dalla Rosa et al. [C11] provided a review for our Special Issue, considering the impact
of environmentally friendly technologies on the bioavailability of various food ingredients
and their safety. This review paper also focused on the overall energy consumption for
processing, emphasizing that non-thermal pretreatments, such as cold plasma, pulsed
electric fields, high-pressure processing and ultrasound processing, combined with mild
thermal drying technology, would help reduce energy costs. Any new technology needs
some energy input for their application. This has been comprehensively reviewed in
Reference [6]. This paper considers the advantages of non-thermal food processing in terms
of quality and carbon footprint reduction; see Table 1.

Dynamic and hydrostatic high pressure, vacuum impregnation, ultrasound, pulsed
electric fields and cold plasma applications can result in a less negative effect with respect
to traditional thermal treatments. These technologies can help extract important substances
from secondary raw materials or waste. This ability helps the circular bioeconomy.

In Figure 1, a comparison of the positive and negative properties of the technologies
considered is reported.

These treatments can produce structural changes that improve the bioaccessibility
and/or the bioavailability of bioactive compounds, such as probiotic microorganisms, to
improve food healthiness and the gut microbiome.

Non-thermal low-impact processing technologies could help the food industry to
pursue more sustainable practices and offer better food functionality, thereby being seen
more favorably in the context of the ultra-processing debate.

However, an interdisciplinary approach among food engineers, microbiologists, food
chemists, bio-NMR specialists and nutritionists is necessary to discover the best processing
conditions, and to increase and assess the sustainability of processing in the food industry.

Foods 2026, 15, 283
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Table 1. Effects on food quality and
from [6]).

carbon footprint elements of non-thermal processing (adapted

Effects on Food Quality

Carbon Foodprint Reduction

Minimal quality loss

Less wastewater

Increasing bioavailability

Increase energy and water savings

Reduction in processing contaminants

Lower environmental impact

Maintenance of nutritional

values Decreased operational costs

Maintenance of sensorial properties

Decreased electricity

Inactivation of microorganisms

Less time-consuming

Improvement of heat and mass transfer

Inexpensive

Improvement of firmness and texture

Non-hazardous

Decreased color change

Minimal source demands

Increased shelf-life

Simple processing design

Our Special Issue includes

works that deal with the effects of high pressure [C1],

[C4], [C5] and [C10]; high voltage pulses [C7], [C8] and [C9]; UV-C radiation [C3]; and
plasma treatment [C6] and nanoparticle-based TiO, [C2] on various types of food and

raw materials.

We consider that the most methodologically significant publication on the verification
of any new technology against classical pasteurization is Paper [7]. From a methodological
point of view, it does not matter that this work is focused on the treatment of human milk.

A very useful overview of new n
Paper [6].

on-thermal food processing technologies is provided in
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Figure 1. Comparison of pros and cons of investigated technologies (adapted from C11).
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2. The Gap in Knowledge and How This Special Issue Has Addressed
Those Gaps

Our Special Issue is only a small contribution to the already established knowledge of
non-thermal food processing technologies. Therefore, it is very difficult to assess whether
there are any gaps in the knowledge of the field on the whole. Each research piece usually
reveals new problems to be solved before the studied technology can be introduced into
industrial practice (see, for example, the issue of scaling up).

It can be stated that the best application in food practice has so far been achieved by
high-pressure treatment technology. The most frequently used products on the market
that use this technology are fruit and vegetable juices, in which important significant
substances (for example, vitamins and dyes) are able to be preserved. A certain uniqueness
is represented by Article [C1], which presents the treatment of human breast milk by
this technology.

3. Primary Focus on Future Research That Should Be Considered

The future of non-thermal food processing technologies lies in researching meth-
ods that will reliably ensure the safety of products and the preservation of their most
nutritionally important and healthy ingredients.

Each method must enable the implementation of a reliable system of hazard analysis
and critical control points that will allow any health risks to be significantly reduced or
even eliminated.

The costs of their applications in practice must be comparable to the real sales price in
order to ensure commercial success.

4. Concluding Remarks

Gentle technologies without targeted heating can enable the food industry to maintain
consumer interest in foods that maintain a high content of their original substances, such
as vitamins and enzymes.

The application of these technologies requires safeguarding health and ensuring
quality within the framework of the HACCP system. It is important to maintain an
interdisciplinary approach between food engineers, microbiologists, chemists, machine
design specialists, nutritionists and employees of regulatory authorities—all of whom work
together to define standards and regulations.
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Effect of Ascorbic Acid Addition on the Phenolic Compounds
Content in Homogenates from Aerial Parts of Spearmint, Fennel,
and Thyme
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Jan Bedna¥ ! and Roman Pavela 34
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vrchotova.n@czechglobe.cz (N.V.); bednar.j@czechglobe.cz (J.B.)
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pavla.novotna@carc.cz (P.N.); roman.pavela@carc.cz (R.P.)

Department of Plant Biotechnology, College of Life Sciences and Biotechnology, Korea University,
Seoul 02841, Republic of Korea

*  Correspondence: triska j@czechglobe.cz

Abstract: The paper deals with the investigation of the ascorbic acid influence on the
analytical results of polyphenol content in the samples of the spearmint, fennel, and thyme
homogenates. The homogenates without and with addition of ascorbic acid and water were
prepared and stabilized by high-pressure treatment. Their analysis was accomplished by
high-performance liquid chromatography (HPLC) with DAD detection and by combination
of liquid chromatography with mass spectrometry (LC-MS). Volatile terpenes were ana-
lyzed in all homogenates by combination of gas chromatography with mass spectrometry
technique (GC-MS). The content of polyphenols of acidic nature, e.g., rosmarinic acid,
revealed the highest difference between analytical results of the samples with and without
ascorbic acid. Finally, prepared herb homogenates are suitable food supplements, which
will find increasing application in various food preparations.

Keywords: herbs homogenates; Mentha spicata; Foeniculum vulgare; Thymus vulgaris; phenolic
compounds; ascorbic acid addition

1. Introduction

Spearmint (Mentha spicata), fennel (Foeniculum vulgare), and thyme (Thymus vulgaris)
are the most common herbs used not only in folk medicine, in the kitchen, and in the food
industry, but the attention is increasingly being paid to them in modern pharmacy and
in bio industry (e.g., products with insecticidal activity). The mentioned plants contain
a number of phenolic biologically active substances e.g., diosmin, diosmetin, hesperidin,
luteolin, apigenin, rosmarinic acid in spearmint [1-3], chlorogenic acid, miquelianin, 1,5-
dicaffeoylquinic acid, kaempferol-3-glucuronide, kaempferol-3-arabinoside in fennel [4,5]
and luteolin-7-glucuronide, apigenin-7-glucuronide, rosmarinic acid, and salvianolic acid
derivatives in thyme [6,7]. The dominant terpenic substances include e.g., carvacrol, thymol,
p-cymene in thyme [8], y-terpinene, 4-allylanisole, anethole, limonene in fennel [9-11] and
limonene, 1,8-cineole, carvone, and cymene in spearmint [12-15].

Foods 2025, 14, 2165 https://doi.org/10.3390/foods14132165
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An overview of phenolic substances and their testing in pharmacy is provided by sev-
eral reviews, e.g., on the effects of spearmint substances [16-18], thyme substances [18,19],
and fennel substances [20,21].

High-pressure processing (HPP) is technology used for food processing and is de-
noted cold pasteurization. Products in suitable packaging are subjected to isostatic pressure
300-600 MPa. This process inactivates the most active forms of microorganisms and pre-
serves the sensorial and nutritional quality of original raw materials [22].

Regarding the fact that the herb homogenates with a guaranteed content of active
substances find increasing application in various preparations and food supplements, e.g.,
sage homogenate [23], it means that the homogenates must be standardized in some way.
The technology of stabilizing homogenates has not yet been sufficiently studied, especially
regarding the content of health-promoting substances. One way to preserve the content of
biologically active substances could be acidification. Acidification is an effective process
to minimize the risk of bacterial spore germination and subsequently to spoil fruit and
vegetable juices treated with high pressure [24]. The goal of our work was, therefore, to
determine the effect of the addition of ascorbic acid on the terpenic and phenolic substances
content in the final spearmint, fennel, and thyme homogenates.

2. Materials and Methods
2.1. Plant Materials

Mentha spicata (spearmint), Foeniculum vulgare (fennel), and Thymus vulgaris (thyme)
were grown on the grounds of the Research Institute of Plant Production in Prague
and Olomouc.

2.2. Preparations of Homogenates

The aerial parts of fresh herb material were homogenized with or without the additions
of water and ascorbic acid in different ratio, and the final pH value of the mixture was
measured. The experimental setup and pH value are given in Table 1.

Table 1. Compositions and pH of the homogenates.

Sample Sample Composition pH Value
M-1 400gM 6.17
M-2 400 g M +400 g W 6.60
M-3 400gM +18 g AA 4.24
M-4 400gM +400g W +18 g AA 4.34
F-1 400gF 5.71
E-2 400 g F+200 g W 5.59
F-3 348gF+30gW +6g AA 417
F-4 400gF+200gW +10g AA 418
T-1 400gT 6.20
T-2 200g T +300gW 6.18
T-3 300gT+18gAA 3.91
T-4 400gT+600gW +24g AA 391

M. . .Mentha spicata, E. . .Foeniculum vulgare, T. . .Thymus vulgaris, W. . .water, AA. . .ascorbic acid.

Fresh herbs were collected, and a small part was spread on sieves and allowed to
dry for determination of dry matter before being placed in a cold room. Subsequently,
homogenization, i.e., mechanical disintegration of aerial parts of herbs, was performed
using mixer Coupe R301 (Montceau-en-Bourgone, France) with individual amounts of
water because plants differ in dry matter and toughness of aerial parts. The method is
based on mechanical disintegration and must be adapted with respect to the individual



Foods 2025, 14, 2165

state of plant tissue. Similarly, ascorbic acid dose was adapted with pH level and is
individual for each plant. The dose was evaluated with respect to pH lowering to level
3.8-4.5. The procedure for homogenizing fresh herbs into a smooth paste that is useful for
food preparation was developed in our laboratory and has not been previously published
in international journals.

2.3. Microbial Analysis

A horizontal method for the enumeration of microorganisms by colony count at 30 °C
by ISO 4833-1 [25] was used. ISO 21527-1:2008 [26] was followed for the number of yeast
and molds determination. Plate count agar (Himedia, Maharashtra, India) was used for
total count of microorganisms, and Yeast Glucose Chloramphenicol (YGC) Agar (Sigma-
Aldrich, Prague, Czech Republic) was used for yeast and mold cultivation. Samples were
cultivated at 30 °C, and colony-forming units (CFU) were enumerated.

2.4. High-Pressure Processing

Samples given in Table 1 represent homogenates that were filled into polyethylene
terephthalate/aluminum/polyethylene (PET/Al/PE) containers, which were vacuum
sealed and then treated with a high pressure of 500 MPa for 10 min, then cooled to 15 °C
and stored in refrigerator between 5 and 8 °C. The pressurizing was performed by a
high-pressure press CYX 6/0103 (ZDAS a. S., Zd'ar nad Sazavou, Czech Republic). High-
pressure treatment was used as an antimicrobial intervention replacing pasteurization.
Pressurized homogenates are microbially stabile for at least 2 years for food applications.

2.5. Extraction of Phenolic Compounds from Homogenate

The phenolic compounds were extracted from homogenates by methanol similarly as
in [7], but at the higher temperature and for a shorter time. Then, 0.25 g of homogenate
were extracted by 3 mL of 100% methanol, and the extraction was conducted at 50 °C for
1 h. After centrifugation (3500 rpm, 10 min), the sediment was washed twice with 1 mL of
methanol. Supernatants were combined and the total volume was measured. Each sample
was prepared in triplicate and stored at —18 °C. The extracts were analysed using HPLC
and LC/MS.

2.6. Extraction of Terpenes from Homogenates

Samples of plant material homogenates (thyme, fennel, spearmint) were prepared
identically in the following manner. Approximately 0.3 g of homogenate were weighed
in triplicates from each sample (double the amount for water-diluted homogenates). The
weighed amount was extracted three times with 2 mL of hexane. After the first addition of
hexane, the mixture was shaken for 1 h. The hexane was then collected in a separate vial.
Then, 2 mL of hexane were added again to the homogenate. This mixture was shaken for
0.5 h and then hexane was added to the first portion of hexane. Finally, 2 mL of hexane
were added again and shaken for 0.5 h. The last portion of hexane was also added to the
previous two. The hexane solution thus obtained was directly injected into the GC/MS.
The hexane extract obtained from spearmint homogenates was diluted five times before
measurement due to high concentration of the components.

2.7. Determination of Phenolic Compounds

Quantification of phenolic compounds by HPLC: The samples were analysed using
an HPLC apparatus (Hewlett Packard 1050) (Hewlett-Packard, Palo Alto, CA, USA) with a
diode array detector (DAD Agilent G1315B, Palo Alto, CA, USA) and column Phenomenex
Luna C18(2) (3 um, 2 x 150 mm) (Phenomenex, Torrance, CA, USA).
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Mobile phase A: 5% acetonitrile + 0.1% o-phosphoric acid, mobile phase B: 80%
acetonitrile + 0.1% o-phosphoric acid. Gradient for separation of fennel (35 °C): 9% to 33%
of B during 35 min, 33% to 45% of B during 1 min, 45% to 80% of B during 2 min, 80%
to 100% of B during 2 min. Gradient for separation of spearmint (25 °C): 2% to 42% of B
during 40 min, 40% to 80% of B during 2 min, 80% of B during 3 min. Gradient for thyme
(35 °C): 0% to 45% of B during 55 min, 45% to 80% of B during 5 min. The volume of the
injected sample was 5 puL. Flow rate was 0.25 mL/min.

Standards (diosmin, diosmetin, hesperidin, rosmarinic acid, luteolin, apigenin, chloro-
genic acid, miquelianin, 1,5-dicaffeoylquinic acid, luteolin-7-glucuronide) were purchased
from Sigma-Aldrich, Praha, Czech Republic; methanol and acetonitrile from Merck, Praha,
Czech Republic, o-phosphoric acid from Fluka, formic acid from Sigma-Aldrich, Praha,
Czech Republic.

Identification of phenolic compounds was performed by LC/MS. For compound
identification, we used atmospheric pressure chemical ionization (APCI-LC/MS) in positive
and negative mode. The instrument (LCQ Accela Fleet, Thermo Fisher Scientific, San Jose,
CA, USA) had the same column and used the same gradients as in HPLC, but mobile
phases were acidified by 0.1% formic acid. Instrument conditions were the following:
Vaporizer temperature 300 °C, sheath gas flow rate 58 L/min, auxiliary gas flow rate
10 L/min, discharge current 5 pA, capillary temperature 275 °C, and capillary voltage 2 V.

2.8. Determination of Volatile Terpenes

Terpenes from homogenates extracts were analysed on a Trace GC Ultra gas chro-
matograph (Thermo Fischer Scientific, San Jose, CA, USA) equipped with a Restek-fused
silica capillary column, Rxi-5 ms, 30 m x 0.25 mm LD. x 0.25 um (Restek Corporation,
Bellefonte, PA, USA), liner SKY, Splitless, 3 mm x 0.8 mm x 105 mm (Restek Corporation),
and coupled to a mass selective detector ISQ (Thermo Fischer Scientific) working at 70
eV of ionization energy. Helium was used as a carrier gas at 1.0 mL/min with injection
of 1 uL in splitless mode at 250 °C. Split flow after 1 min was 50 mL/min. The oven
temperature was programmed as follows: 40 °C for 5 min, then increase to 150 °C at a rate
of 3 °C/min, further increase to 250 °C at 10 °C/min, and finally increase to 290 °C at a rate
of 25 °C/min. This temperature was then held for 2 min. Transfer line temperature was
250 °C, ion source temperature was set to 200 °C. Mass scanning was started at 7.00 min,
masses were scanned in the full range 50-450 m/z. Qualitative analysis was performed
using 36 purchased standards, and their list is given in the table in the Supplementary
Materials.

2.9. Statistics

A Two-Way ANOVA [27] was conducted to determine to what extent H,O and ascorbic
acid have an influence on contents of specific compounds.

3. Results and Discussion

Plant homogenates were prepared as shown in Materials and Methods in Table 1.

Microbial stability of homogenates with water and ascorbic acid was suitable for
food application during 21 days of storage (see Table 2). The number of microorganisms
did not exceed 1.3 x 10® during storage in laboratory temperature. Yeast and mold were
not detected in all samples during storage period. Microbial stability of homogenates
with ascorbic acid can be supported by pH lower than 4.5 and antimicrobial impact of
phytochemical components.
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Table 2. The microbial stability of homogenates prepared with water and ascorbic acid.

Sample Time of Storage (Day) Total Count (CFU/g) at 5 °C Total Count (CFU/g) at 20 °C

0 1.1 x 103 1.1 x 103

7 1.3 x 103 1.1 x 103

M-4 14 1.1 x 10% 1.1 x 103
21 9.1 x 102 9.3 x 10?

0 8.2 x 10! 8.2 x 101

Fa 7 7.7 x 107 8.0 x 10
14 3.7 x 102 3.3 x 102

21 5.0 x 102 1.7 x 102

0 6.1 x 10! 6.1 x 10!

T4 7 3.8 x 102 1.4 x 102
) 14 2.3 x 10? 1.6 x 102
21 2.5 x 102 1.7 x 102

The results of analyses of the phenolic compounds of interest (Table 3) showed that the
differences in the content of most substances in different homogenate preparation were con-
siderable. The greatest effect has the addition of ascorbic acid during the homogenization
process on the measured content of phenolic acids, e.g., chlorogenic acid, rosmarinic acid,
and their derivatives, while the measured number of phenolic acids is minimal without
addition of ascorbic acid. In thyme homogenates with ascorbic acid addition, the measured
rosmarinic acid content is 37,212 mg/kg d. m., while in thyme homogenates without
ascorbic acid, the measured content of rosmarinic acid is only 196 mg/kg d. m., and in
thyme homogenates without ascorbic acid but with water addition, its content is even a
little less (101 mg/kg d. m.) (Table 3). It is obvious that measured content of phenolic acids
is higher in the presence of ascorbic acid and results in lower pH value. Better stability
of chlorogenic acid at low pH (pH 3) was described already in the literature [28], but
extraction is influenced also by water addition, and statistically significant effect has water
and ascorbic acid simultaneously. The higher content was also observed by the following
flavonol glucuronides (quercetin-3-O-glucuronide (miquelianin), other quercetin derivative
and kaempferol-3-O-glucuronide) and flavone glucuronides (luteolin-7-glucuronide and
apigenin-7-glucuronide). All mentioned glucuronides have the highest content in the
homogenates with added ascorbic acid whether water is added or not. This is due to the
greater stability of glucuronides at lower pH [29]. Extraction of mentioned flavonols is
also influenced by water addition, ascorbic acid presence, and their combination. Only
quercetin derivatives in Foeniculum vulgare do not show a statistically significant difference
for the combined use of water and ascorbic acid. Kaempferol-arabinoside also shows
greater availability in the presence of ascorbic acid and water.

Regarding flavan hesperidine, its content is highest in homogenates with ascorbic acid
addition but without the addition of water. Combination of other conditions also influences
the yield of extraction. The other flavones (luteolin, diosmin, diosmetin) are influenced with
water and ascorbic acid presence in homogenate, and with their combination. Apigenin
behaves rather differently. There is an unclear dependence on the presence of ascorbic acid,
but from a statistical point of view, only water addition has a significant effect (Table 3).
In the opposite, the highest content of diosmetin was found in all homogenates without
ascorbic acid addition. The content of diosmin is the highest in homogenate with water
addition, but without ascorbic acid addition; in water-free homogenates with or without
ascorbic acid addition, the content of diosmin is lower. In this context, it is clear that herb
homogenate preparation and their analysis are very important steps, as our results show.
The greatest changes are in the rosmarinic acid content. Pure rosmarinic acid is a stable
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substance, and its solution in ethanol is also stable at different temperatures (10-40 °C) and
under different light exposure, as experimentally found [30].

Rosmarinic acid content in Melissa officinalis tinctures prepared from dry plant material
was higher (2.96-22.18 mg/mL) than in the tinctures prepared from fresh ground-crushed
material (less than 0.92 mg/mL) [31]. Olah et al. [32] found higher rosmarinic acid content
in fresh Rosmarinus officinalis tinctures (0.35 mg/mL) than in the tinctures prepared from
dried material (0.18 mg/mL), but it should be noted that the above-mentioned authors
did not cut or crush fresh material. Thus, the enzymatic activity was not increasing. Six
et al. [33] found that the amount of rosmarinic acid in a 50% ethanolic extract from the
dried material of various Laminaceae decreases after 24 weeks by 14-27%, even by 41%
in sage. Bodalska et al. [34] tested the stability of rosmarinic acid in commercial herbal
medicinal products and found that in aqueous tinctures, rosmarinic acid is very unstable;
stability is much better in water-ethanolic extracts. A very important step influencing
the final content of the compounds of acidic nature is whether we will grind the samples
or leave the whole fresh plant material intact [35]. In the fresh plant homogenates, the
released enzymes act on chlorogenic and rosmarinic acids and their derivatives, and these
compounds are, therefore, the subject of rapid degradation. The presence of ascorbic acid
has at least dual positive effects on the content of the compounds. First, ascorbic acid
decreases pH and low pH blocks enzymatic activity; and second, ascorbic acid suppresses
ionization of acidic compounds in water. Therefore, they reveal higher yield during the
extraction step. The content of rosmarinic acid in homogenates from Mentha spicata and
Thymus vulgaris was influenced not only by ascorbic acid addition, but also with water
addition. The combination of these two additions has also a statistically significant effect.
In both homogenates, without ascorbic acid addition, rosmarinic acid content was very
low. The same was observed also for the rosmarinic acid derivatives 1 and 2. For extraction
of rosmarinic acid and their derivatives, the presence of water is also important; only
rosmarinic acid derivative 1 was not influenced by water addition.

In acidic media, terpenes generally undergo various transformations. The complex
mixtures of products obtained in these transformations are the major factors that hinder
the proper interpretation of the analytical results, especially because essential oils (EOs)
themselves are a very complex matrix. In addition, these processes can also be influenced
by the phenolic substances present, as is the case, for example, with y-terpinene. In the
case of y-terpinene, we can see the largest changes in the homogenate from Thymus vulgaris
in Table 4. In the presence of ascorbic acid and water, the amount of y-terpinene increases
from 0.377 to 1.510 (measured by the relative peak area—here and further in the discussion).
The opposite is true for 4-cymene. The content decreased in this homogenate from 3.3 to
0.593, as well as in Foeniculum vulgare homogenate from 0.570 to 0.110. In this homogenate,
the largest decrease in a-pinene was also observed, from 0.717 to 0.257. In contrast, this
decrease in 3-pinene content was not observed in the acidic environment in the Mentha
spicata homogenate.

It is clear from the literature [22] that for most plant enzymes, the response to pressure-
induced inactivation is enzyme-specific and depends on the conditions applied with partial
inactivation at most under commercially feasible HPP conditions. In general, enzymes are
more resistant to inactivation than vegetative microorganisms, posing a challenge to the
application of HPP for stabilization of fruit and vegetable products.
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By using herb homogenates as a food additive, a complex of substances having the
same synergistic effect and the same biological effects as the original herb is introduced
into the food, which is not ensured by adding only one major substance obtained from
the herb by extraction. This was verified in the hops homogenate, where the complete
homogenate had higher antimicrobial activity than individual alpha and beta bitter acids
acting alone [36]. It is quite clear that plant extracts and herb homogenates in this case have
shown a considerable promise in a range of applications in the food industry, which also
results from the published literature, e.g., [37].

4. Conclusions

The differences in the content of most polyphenolic compounds in different ho-
mogenate preparation were considerable. The greatest effect has the addition of ascorbic
acid during the homogenization process on the content of phenolic acids, e.g., rosmarinic
acid and chlorogenic acid. In thyme homogenates, the rosmarinic acid content was almost
200 times higher compared to thyme homogenates without ascorbic acid. The content
of flavonols glucuronides (quercetin-3-O-glucuronide, kaempferol-3-O-glucuronide) and
flavone glucuronides (luteolin-7-glucuronide and apigenin-7-glucuronide) was also the
highest in the presence of ascorbic acid. Flavones luteolin, apigenin, diosmin, and diosmetin
behave rather differently; there is an unclear dependence on the presence of ascorbic acid.
From our experiments, and from the literature, we can conclude that for the preservation
of phenolic acids, flavonols, and flavone glucuronides in the fresh herb homogenates, it is
very important to add ascorbic acid, which will block enzymatic activity. This step prevents
rapid degradation of the compounds and suppresses ionization of acidic compounds in
water. Therefore, compounds of acidic nature reveal a higher amount in the homogenates.
The obtained results also show that in order to achieve the necessary accuracy in the analy-
sis of natural substances containing phenolic compounds and terpenes, increased attention
must be paid to setting and maintaining the optimal pH value.
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/ /www.mdpi.com/article/10.3390/foods14132165/s1.

Author Contributions: Conceptualization, ].T. and N.V.; methodology, N.V.; validation and statistics,
N.V,, EK. and PN.; formal analysis, J.T.; high pressure treatment, J.S.; resources, ].T. and N.V,; data
curation, N.V,; writing—original draft preparation, ].T.; writing—review and editing, M.H.; analyses
of terpenes and data curation, ].B.; supervision, R.P.; project administration, R.P,; funding acquisition,
R.P. All authors have read and agreed to the published version of the manuscript.

Funding: “This research was funded by Ministry of Agriculture of the Czech Republic (Medicinal
plants in the food industry—a new direction for the prevention of civilization diseases, Project
No. QL24010019), by the Ministry of Education, Youth and Sports of the Czech Republic (AdAgriF;
CZ.02.01.01/00/22_008/0004635) and by Metrofood-CZ (Grant No: LM2023064).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

13



Foods 2025, 14, 2165

References

1.  Gokbulut, A.; Sarer, E. Simultaneous Determination of Phenolic Compounds in Mentha spicata L. subsp. Spicata by RP-HPLC.
Turk. J. Pharm. Sci. 2010, 7, 249-254.

2. Bimakr, M.; Rahman, L.A_; Taip, ES.; Ganjloo, A.; Salleh, L.M.; Selamat, J.; Hamid, A.; Zaidul, 1.5.M. Comparison of different
extraction methods for the extraction of major bioactive flavonoid compounds from spearmint (Mentha spicata L.) leaves. Food
Bioprod. Process. 2011, 89, 67-72. [CrossRef]

3.  Saeidi, I; Hadjmohammadi, M.R.; Peyrovi, M.; Iranshahi, M.; Barfi, B.; Babaei, A.B.; Dust, A.M. HPLC determination of
hesperidin, diosmin and eriocitrin in Iranian lime juice using polyamide as an adsorbent for solid phase extraction. J. Pharm.
Biomed. Anal. 2011, 56, 419-422. [CrossRef]

4. KriZzman, M.; Baricevi¢, D.; Prosek, M. Determination of phenolic compounds in fennel by HPLC and HPLC-MS using a
monolithic reversed-phase column. J. Pharm. Biomed. Anal. 2007, 43, 481-485. [CrossRef]

5. Roby, M.H.H.; Sarhan, M.A; Selim, K.A.-H.; Khalel, LK. Antioxidant and antimicrobial activities of essential oil and extracts of
fennel (Foeniculum vulgare L.) and chamomile (Matricaria chamomilla L.). Ind. Crops Prod. 2013, 44, 437-445. [CrossRef]

6. Nagy, T.O,; Solar, S.; Sontag, G.; Koenig, J. Identification of phenolic components in dried spices and influence of irradiation. Food
Chem. 2011, 128, 530-534. [CrossRef] [PubMed]

7. Roby, M.H.H.; Sarhan, M.A_; Selim, K.A.-H.; Khalel, K. Evaluation of antioxidant activity, total phenols and phenolic compounds
in thyme (Thymus vulgaris L.), sage (Salvia officinalis L.), and marjoram (Origanum majorana L.) extracts. Ind. Crops Prod. 2013, 43,
827-831. [CrossRef]

8.  Pavela, R; Sedlék, P. Post-application temperature as a factor influencing the insecticidal activity of essential oil from Thymus
vulgaris. Ind. Crops Prod. 2018, 113, 46—49. [CrossRef]

9.  Odeh, A.; Allaf, A.W. Determination of polyphenol component fractions and integral antioxidant capacity of Syrian aniseed
and fennel seed extracts using GC-MS, HPLC analysis, and photochemiluminescence assay. Chem. Pap. 2017, 71, 1731-1737.
[CrossRef]

10. Agarwal, D.; Saxena, S.N.; Sharma, L.K.; Lal, G. Prevalence of Essential and Fatty Oil Constituents in Fennel (Foeniculum vulgare
Mill) Genotypes Grown in Semi-Arid Regions of India. J. Essent. Oil-Bear. Plants 2018, 21, 40-51. [CrossRef]

11.  Najdoska-Bogdanov, M.; Bogdanov, ].B.; Stefova, M. Simultaneous determination of essential oil components and fatty acids in
fennel using gas chromatography with a polar capillary column. Nat. Prod. Commun. 2015, 10, 1619-1626. [CrossRef] [PubMed]

12. Bardaweel, S.K.; Bakchiche, B.; ALSalamat, H.M.; Rezzoug, M.; Gherib, A.; Flamini, G. Chemical composition, antioxidant,
antimicrobial and Antiproliferative activities of essential oil of Mentha spicata L. (Lamiaceae) from Algerian Saharan atlas. BMIC
Complement. Alter. Med. 2018, 18, 201. [CrossRef]

13.  Bishr, M.M.; Salama, O.M. Inter and intra GC-MS differential analysis of the essential oils of three Mentha species growing in
Egypt. Future ]. Pharm. Sci. 2018, 4, 53-56. [CrossRef]

14. Saba, I.; Anwar, F. Effect of harvesting regions on physico-chemical and biological attributes of supercritical fluid-extracted
spearmint (Mentha spicata L.) leaves essential oil. J. Essent. Oil Bear. Plants 2018, 21, 400-419. [CrossRef]

15. Rodriguez-Solana, R.; Salgado, ].M.; Dominguez, ].M.; Cortés-Diéguez, S. Comparison of Soxhlet, Accelerated Solvent and
Supercritical Fluid Extraction Techniques for Volatile (GC-MS and GC/FID) and Phenolic Compounds (HPLC-ESI/MS/MS)
from Lamiaceae Species. Phytochem. Anal. 2015, 26, 61-71. [CrossRef] [PubMed]

16. Patel, K.; Gadewar, M.; Tahilyani, V.; Patel, D.K. A review on pharmacological and analytical aspects of diosmetin: A concise
report. Chin. J. Integr. Med. 2013, 19, 792-800. [CrossRef]

17. Hostetler, G.L.; Ralston, R.A.; Schwartz, S.J. Flavones: Food Sources, Bioavailability, Metabolism, and Bioactivity. Adv. Nutr. 2017,
8, 423-435. [CrossRef]

18. Kim, G.-D.; Park, Y.S.; Jin, Y.-H.; Park, C.-S. Production and applications of rosmarinic acid and structurally related compounds.
Appl. Microbiol. Biotechnol. 2015, 99, 2083-2092. [CrossRef]

19. Hosseinzadeh, S.; Kukhdan, A.J.; Hosseini, A.; Armand, R. The application of Thymus vulgaris in traditional and modern
medicine: A review. Glob. ]. Pharmacol. 2015, 9, 260-266.

20. Kooti, W,; Moradi, M.; Ali-Akbari, S.; Sharafi-Ahvazi, N.; Asadi-Samani, M.; Ashtary-Larky, D. Therapeutic and pharmacological
potential of Foeniculum vulgare Mill: A review. . HerbMed. Pharmacol. 2015, 4, 1-9.

21. Kushwah, P; Patel, R.; Midda, A.; Kayande, N. Pharmacological review on Foeniculum vulgare. Int. |. Adv. Sci. Res. 2016, 1, 40-42.

22. Houska, M.; da Silva, V.M. (Eds.) High Pressure Processing of Fruit and Vegetable Products; CRC Press: Boca Raton, FL, USA, 2017.

23. Strohalm, J.; Houska, M.; Novotnd, P. A Food Preparation Based on Hydrocolloids with the Addition of Mongolian Milkvetch,
Chinese Knotweed and Red Sage. Utility Pattern No. 31446, 6 February 2018.

24. Houska, M.; Strohalm, J.; Kocurovd, K.; Totusek, J.; Lefnerova, D.; T¥iska, J.; Vrchotovd, N.; Fiedrleovd, V.; Holasova, M.;

Gabrovska, D.; et al. High pressure and foods-fruit/vegetable juices. . Food Eng. 2006, 77, 386-398. [CrossRef]

14



Foods 2025, 14, 2165

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ISO 4833-1:2013; Microbiology of the Food Chain—Horizontal Method for the Enumeration of Microorganisms Part 1: Colony
Count at 30 °C by the Pour plate Technique. Available online: https://www.iso.org/standard/53728.html (accessed on
1 May 2025).

ISO 21527-1:2008; Microbiology of Food and Animal Feeding Stuffs—Horizontal Method for the Enumeration of Yeasts and
Moulds Part 1: Colony Count Technique in Products with Water Activity Greater than 0.95. Available online: https://www.iso.
org/standard /38275.html (accessed on 1 May 2025).

Dunn, O.J.; Clark, V.A. Applied Statistics: Analysis of Variance and Regression; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1974.
Friedman, M; Jiirgens, H.S. Effect of pH on the stability of plant phenolic compounds. J. Agric. Food Chem. 2000, 48, 2101-2110.
[CrossRef] [PubMed]

Patel, S.R. Bioanalytical challenges and strategies for accurately measuring acyl glucuronide metabolites in biological fluids.
Biomed. Chromatog. 2020, 34, e4640. [CrossRef] [PubMed]

Zhang, Y.; Smuts, J.P; Dodbiba, E.; Rangarajan, R.; Lang, ].C.; Armstrong, D.W. Degradation study of carnosic acid, carnosol,
rosmarinic acid and rosemary extract (Rosmarinus officinalis L.) assessed using HPLC. J. Agric. Food Chem. 2012, 60, 9305-9314.
[CrossRef]

Sanchez-Medina, A.; Etheridge, C.J.; Hawkes, G.E.; Hylands, PJ.; Pendry, B.A.; Hughes, M.].; Corcoran, O. Comparison of
rosmarinic acid content in commercial tinctures produced from fresh and dried lemon balm (Melissa officinalis). ]. Pharm. Pharm.
Sci. 2007, 10, 455-463. [CrossRef]

Olah, N.K,; Osser, G.; Campean, R.F; Furtuna, ER.; Benedec, D.; Filip, L.; Raita, O.; Hanganu, D. The study of polyphenolic
compounds profile of some Rosmarinus officinalis L. extracts. Pak. J. Pharm. Sci. 2016, 29 (Suppl. S6), 2355-2361.

Sik, B.; Lakatos, E.H.; Kapcsandi, V.; Székelyhidi, R.; Ajtony, Z. Investigation of the long-term stability of various tinctures
belonging to the lamiaceae family by HPLC and spectrophotometry method. Chem. Pap. 2021, 75, 5781-5791. [CrossRef]
Bodalska, A.; Kowalczyk, A.; Fecka, I. Stability of rosmarinic acid and flavonoid glycosides in liquid forms of herbal medicinal
products—A preliminary study. Pharmaceuticals 2021, 14, 1139. [CrossRef]

Horablaga, N.M.; Cozma, A.; Alexa, E.; Obistioiu, D.; Cocan, I.; Poiana, M.-A.; Lalescu, D.; Pop, G.; Imbrea, LM.; Buzna, C.
Influence of sample preparation/extraction method on the phytochemicalprofile and antimicrobial activities of 12 commonly
consumed medicinal plants in Romania. Appl. Sci. 2023, 13, 2530. [CrossRef]

Cermak, P; Paleckova, V.; Hougka, M.; Strohalm, J.; Novotna, P; Mikyska, A.; Jurkova, M.; Sikorova, M. Inhibitory effects of fresh
hops on Helicobacter pylori strains. Czech |. Food Sci. 2015, 33, 302-307. [CrossRef]

Negi, P.S. Plant extracts for the control of bacterial growth: Efficacy, stability and safety issues for food application. Int. |. Food
Microbiol. 2012, 156, 7-17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

15



@ Joods ﬁw\p\py

Article
Permeabilization of Cryptosporidium spp. Oocysts in Water,
Apple and Carrot Juice by Pulsed Electric Field Technology

Alejandro Berzosa !, Laura Garza-Moreno ?, Joaquin Quilez 2, Javier Raso !, Ignacio Alvarez-Lanzarote 1-*
and Juan Manuel Martinez 1*

Departamento de Produccién Animal y Ciencia de Los Alimentos, Tecnologia de Los Alimentos, Facultad de
Veterinaria, Instituto Agroalimentario de Aragén (IA2), Universidad de Zaragoza, 50009 Zaragoza, Spain;
aberzosa@unizar.es (A.B.); jraso@unizar.es (J.R.)

Departamento de Patologia Animal, Facultad de Veterinaria, Instituto Agroalimentario de Aragén (IA2),
Universidad de Zaragoza, 50009 Zaragoza, Spain; lgarza@unizar.es (L.G.-M.); jquilez@unizar.es (J.Q.)
Correspondence: ialvalan@unizar.es (LA-L); j-martinez@unizar.es (J.M.M.)

Abstract: Cryptosporidium spp. oocysts are highly resistant to conventional disinfection
methods and have been associated with foodborne outbreaks linked to unpasteurized fruit
and vegetable juices. This study aimed to evaluate the effectiveness of Pulsed Electric
Fields (PEF) in permeabilizing Cryptosporidium oocysts in water, apple juice, and carrot
juice. Oocysts were exposed to monopolar square-wave pulses (3 ps) at electric field
strengths ranging from 15 to 35 kV/cm, with treatment times up to 180 us, and application
temperatures between 25 °C and 60 °C. Membrane permeabilization was assessed using
propidium iodide uptake via fluorescence microscopy and flow cytometry. Results showed
that oocyst permeabilization increased with electric field strength, treatment time, and
temperature, with up to 90% permeabilization achieved at 35 kV/cm and 45 °C. Carrot juice
treatments yielded higher permeabilization levels than apple juice, attributed to greater
electrical conductivity and energy input. Temperatures below 60 °C alone had negligible
effects, but synergistically enhanced PEF efficacy. These findings demonstrate that PEF,
particularly when combined with mild heat, is a promising non-thermal technology for
reducing Cryptosporidium viability in beverages, offering an effective alternative for improv-
ing the microbiological safety of minimally processed juices while preserving sensory and
nutritional quality.

Keywords: Cryptosporidium; PEF; inactivation; electroporation; beverage; fruit; vegetable

1. Introduction

Cryptosporidium spp. is an intracellular protozoan parasite, of which 42 different
species have been recognized. Among these, C. hominis and C. parvum are most notable,
responsible for the majority of human infections [1]. C. hominis is primarily an anthroponotic
species, although its presence has been sporadically reported in various animals. In contrast,
C. parvum is a potentially zoonotic species, capable of infecting a wide variety of mammals,
including ruminants and humans. It is worth noting that Cryptosporidium is a ubiquitous
parasite with a low infectious dose (132 oocysts for C. parvum and 10-83 for C. hominis)
and high resistance to disinfectants used for drinking water treatment, making it the most
prevalent waterborne protozoan in developed countries [2].

Cryptosporidium spp. infects the epithelial cells of the gastrointestinal tract of verte-
brates. Its biological cycle is monoxenous, meaning it develops entirely within the same
host. Infection occurs orally through the ingestion of food or water contaminated with
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oocysts, and upon reaching the stomach, four sporozoites are released that invade the
enterocytes [3]. Within the intestinal epithelial cells, the parasite undergoes two cycles of
asexual reproduction that severely damage the epithelium, followed by a sexual phase that
culminates in the formation of oocysts with sporozoites through intracellular sporogony.
Most oocysts have a thick wall and are excreted in feces, potentially being ingested by
another host, and the cycle begins anew.

The global prevalence of cryptosporidiosis in humans is 7.6%, increasing to 31.5%
in developing countries (with an average of 10.4%) and ranging from 0.1% to 14.1% in
developed countries, with an estimated average of 4.3% [4]. Cryptosporidiosis is a disease
under surveillance in the European Union, although mandatory reporting varies between
countries, being obligatory in some member states such as Germany, Spain, Ireland, and
Sweden [5]. This disease is considered a global health emergency, especially for children and
immunocompromised patients. According to the European Centre for Disease Prevention
and Control (ECDC), there was an increase in cases in 2021 compared to previous years,
with a total of 4476 cases reported by 24 EU/EEA countries. The most affected age group
was children aged 0—4 years, with a notification rate of 6.4 per 100,000.

Although oocysts do not multiply in water, their small size allows them to evade
conventional filtration treatments and they can survive for long periods when exposed
to chlorine and other chemicals commonly used for drinking water purification [6,7].
Chlorine requires high doses and long exposure times to be effective, yet there is a threshold
beyond which it has no additional impact [8]. Ozone, while effective, contaminates the
air and is irritating to humans [9]. Distillation can remove up to 99.5% of microbes but is
extremely energy-intensive, as it requires boiling water and condensing the vapor making it
impractical for large-scale treatment [10]. In the absence of effective treatment, this resilient
parasite can survive in drinking water and occasionally causes outbreaks that impact public
health [11].

In addition to waterborne transmission, Cryptosporidium has gained prominence as a
food safety concern, with an increasing number of foodborne outbreaks attributed to its
presence. Transmitted via the fecal-oral route, its environmentally resilient oocysts can
contaminate a wide range of food products, including fresh produce, unpasteurized juices,
and raw milk. Notably, the infectious dose is extremely low, meaning that even minimal
contamination poses a substantial health risk [12,13]. The first large-scale foodborne out-
break was reported in the United States in 1996 involving freshly prepared apple juice [13].
A 2005 outbreak in Denmark was traced to a contaminated salad bar, with ingredients
like carrots and red peppers identified as the source [14]. More recently, an outbreak in
Norway linked to self-pressed apple juice contaminated with C. parvum emphasized the
microbiological risks associated with artisanal juice production [15]. Collectively, these
outbreaks—along with additional cases reported in non-scientific sources—highlight that
unpasteurized fruits and vegetables can consistently act as vehicles for Cryptosporidium
transmission. This underscores the urgent need for effective and alternative safety mea-
sures in the production of minimally processed beverages. As the consumption of products
such as juices, smoothies, purées, compotes, and fresh-cut fruits and vegetables continues
to rise—largely due to their perceived nutritional benefits—the combination of Cryptosporid-
ium’s low infectious dose and high environmental resilience presents a persistent and
significant challenge to food safety within this category [16,17].

Traditional thermal treatments, such as flash pasteurization, have been shown to
achieve significant reductions in oocyst viability. Specifically, heat treatments at 71.7 °C
for 10-20 s have been shown to inactivate up to 99.999% [18]. However, reliance on heat
treatment can negatively impact the sensory and nutritional qualities of fruit juices, altering
flavor, aroma, and vitamin content, which is particularly undesirable in the production of
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fresh or premium juices marketed for their natural attributes [19]. Non-thermal methods
are also under investigation for their potential to preserve nutritional and sensory qualities
of juices while ensuring microbial safety. Ultraviolet (UV) irradiation has demonstrated
potential to inactivate C. parvum in apple cider without altering taste or appearance, but
its effectiveness can be significantly reduced in turbid or colored juices where suspended
particles shield oocysts from UV exposure, leading to incomplete disinfection [20]. Similarly,
chemical treatments using organic acids like malic and citric acid, or oxidizing agents such
as hydrogen peroxide and ozone, have shown variable efficacy depending on concentration
and exposure time, but they may also affect the organoleptic properties of the juice or leave
residual compounds that could alter flavor, pH, or consumer acceptability [21,22]. High
hydrostatic pressure (HHP), ultrasounds, and pulsed light technologies are emerging as
promising alternatives, achieving significant oocyst reduction with minimal impact on
juice quality, but these methods can involve high operational costs, specialized equipment,
and may still require optimization for consistent efficacy across different juice matrices
and contamination levels [23,24]. Continued research into these inactivation strategies is
essential for developing safe, non-thermal juice processing methods that can reliably target
Cryptosporidium and other protozoan pathogens.

The physical alternative proposed in this study to inactivate Cryptosporidium oocysts
is Pulsed Electric Fields (PEF). PEF treatments involve subjecting a product placed between
two electrodes, usually immersed in an aqueous solution, to high-intensity electric fields
(between 0.5 and 30 kV/cm) by intermittently applying short-duration pulses (microsec-
onds to milliseconds). Although the application of electric fields inherently introduces
energy into the system, the total treatment time is extremely brief—usually less than one
second in continuous flow systems. This short exposure time ensures that the temperature
increase is minimal and transient. Consequently, thermal damage is effectively negligible,
preserving the physicochemical and sensory qualities of the treated food. If the electric
field intensity is sufficiently high, electroporation of the cytoplasmic membrane occurs,
increasing its permeability to ions and macromolecules [25]. This phenomenon can be
reversible or irreversible depending on the electrical parameters applied. In reversible
electroporation, the membrane reseals after the treatment, whereas in irreversible elec-
troporation, the structural integrity of the membrane is permanently compromised. This
irreversible loss of selective permeability disrupts cellular homeostasis and can lead to cell
death [26].

Although PEF is widely used for the non-thermal inactivation of bacteria in food [27],
its application for parasite inactivation has been limited. Recent studies targeted the
inactivation of nematode larvae as Anisakis spp. and Trichinella spp. [26,28], while there is
limited information on the effect of PEF on infective forms of protozoa (oocysts), except
for the work by Haas and Aturaliye [29]. However, 26 years have passed since this study,
and PEF technology has greatly improved, offering much greater treatment possibilities
today. PEF technology has been successfully scaled up for industrial use, with continuous-
flow systems processing thousands of liters per hour. It is already applied in sectors like
juice pasteurization and winemaking, demonstrating its feasibility for high-throughput
applications. Despite these technological developments, no systematic investigation has
been conducted to assess how PEF influences protozoan oocyst inactivation. Therefore, this
study addresses a significant gap in the literature by being, to our knowledge, the first to
evaluate PEF-mediated permeabilization of Cryptosporidium oocysts, under well-controlled
experimental conditions, using modern and high-performance PEF equipment.

The objective of this work is to evaluate the potential of PEF treatments to inactivate
Cryptosporidium spp. oocysts for the decontamination of water and food matrices such
as fruit juices. The aim is to achieve irreversible electroporation of Cryptosporidium cell
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membranes, thereby compromising their physiology to the extent of causing inactivation
and preventing water and food-borne transmission.

2. Materials and Methods
2.1. Isolation and Purification of Cryptosporidium Oocysts

Cryptosporidium spp. oocysts were isolated from fecal samples collected from
10-day-old calves naturally infected within a herd located in Aragén, Spain. Fecal sam-
ples were obtained directly from the rectum, placed in sterile containers and transported
to the Faculty of Veterinary Medicine at the University of Zaragoza for further analysis.
These fecal specimens were collected by the herd veterinarian for diagnostic analysis of
parasitic protozoa.

Oocysts in fecal samples were concentrated and purified through successive centrifuga-
tions using a sodium chloride (NaCl) flotation method. Purified oocysts were suspended in
microtubes at a final concentration of 3 x 10° oocysts/mL and stored at 4 °C until analysis.

2.2. PEF Treatment

The PEF equipment used in this study was a commercial device (Vitave, Prague,
Czech Republic) capable of delivering pulses of up to 20 kV. The system applies monopolar
square-wave pulses of variable width (500 ns-100 ps), with a maximum current intensity
of 500 A, and allows operation at frequencies up to 50 kHz. The applied voltage was
monitored using a high-voltage probe (P6015A, Tektronik, Wilsonville, OR, USA), while
the current intensity was recorded with a current probe (HCT5514, Meatrol®Electrical,
Shanghai, China). Both probes were connected to an oscilloscope (TDS 220, Tektronik
Wilsonville, OR, USA).

Treatments at room temperature: a suspension of oocysts (0.44 mL, with a conductivity
of 1 mS/cm) was introduced into a cylindrical static treatment chamber with parallel
electrodes, featuring specific dimensions (gap: 0.25 cm; diameter: 1.5 cm), using a sterile
1 mL syringe (TERUMO, Leuven, Belgium) with a 20 G x 1”7 (0.9 x 25 mm) needle
(TERUMO, Leuven, Belgium). Samples for investigating the effect of PEF on oocysts
were subjected to between 20 and 90 square-wave pulses of 3 ps at different electric field
intensities (15, 25, and 35 kV/cm). These treatments corresponded to specific energies
ranging from 14.65 to 320.27 k] /kg. Control and treated oocyst experiments were performed
in duplicate.

Temperature-controlled treatments: The batch parallel electrode treatment chamber
used for the temperature-controlled treatments was based on a previous design of Heinz
et al. [30] and later of [31]. The treatment chamber consisted of a cylindrical polypropylene
tube closed with two polished stainless steel cylinders of 1.77 cm? surface and 4 cm length.
The inner part of the electrodes was empty, and dielectric oil (conductivity: 1.4 uS/cm)
tempered at different temperatures was recirculated through both electrodes to temper
the treatment medium at different temperatures and to maintain a constant temperature
in the medium during the PEF treatments. A small hole in the cylindrical plastic tube
(chamber) was used to introduce and remove the microbial suspension. The distance
between electrodes was 0.25 cm. Both the oocyst suspensions in water and the juices
inoculated with oocysts introduced into the chamber for each treatment had a volume of
0.44 mL. Before and immediately after applying the PEF treatment, in order to know the
temperature in different zones of the treatment chamber, the temperature was measured
using an Infrared Thermal imaging camera (FLIR E6 PRO, Teledyne FLIR LLC, Wilsonville,
OR, USA)) and a fiber-optic temperature probe (Fiso, Québec, QC, Canada).

19



Foods 2025, 14,2112

2.3. Assessment of Thermal Effects on Oocyst Membrane Permeabilization in the Absence of PEF

To isolate the thermal effects from those induced by PEF and to better understand
the heat resistance of oocysts, oocyst solutions were placed in the PEF treatment chamber
pre-tempered at 40, 50, 60 and 70 °C for 1, 5, and 10 min, with the PEF system turned
off during the thermal exposure. This approach allowed the assessment of membrane
permeabilization attributable exclusively to temperature.

PEF-treated and thermal treated samples were processed immediately for microscopic
observation and flow cytometry analysis in order to minimize the time lapse between
treatment and evaluation.

2.4. Assessment of Cryptosporidium Oocyst Viability
2.4.1. Microscopy

To evaluate the viability of Cryptosporidium oocysts and potential viability loss follow-
ing different treatments, a fluorescence microscopy-based method was employed, using the
differential uptake of the vital dyes 4’,6-diamidino-2-phenylindole (DAPI) and propidium
iodide (PI). DAPI is a membrane-permeant fluorochrome that binds to double-stranded
DNA, staining the nuclei of all sporozoites of the oocysts regardless of viability. PI, in
contrast, is a membrane-impermeant dye that only penetrates oocysts with compromised
membranes; it intercalates with nucleic acids and emits red fluorescence. The uptake of PI
by oocysts reflects membrane permeabilization, which serves as a functional indicator of
compromised integrity and, consequently, loss of viability.

Aliquots containing 3 x 10° oocysts were transferred into 1.5 mL microtubes and
pre-incubated in acidified Hanks’ Balanced Salt Solution (HBSS, pH 2.75) for 1 h at 37 °C
to facilitate dye uptake. This was followed by two washes with HBSS (pH 7.2) to restore
physiological pH. Then, 10 puL of DAPI working solution (2 mg/mL in absolute methanol)
and 10 pL of PI working solution (1 mg/mL in 0.1 M phosphate-buffered saline, pH 7.2)
were added to each sample and incubated for 2 h at 37 °C in the dark. To prevent DAPI
crystallization, samples were washed twice with HBSS adjusted to pH 4, following the
protocol described by Bukhari et al. [32].

Oocysts were visualized using an epifluorescence microscope (Nikon, Mod. L-Kc,
Nippon Kogaku KK, Tokyo, Japan) equipped with a UV excitation filter (350-365 nm) for
DAPI and a green excitation filter (545-546 nm) for PI. A minimum of 100 oocysts were
examined per sample. Oocysts showing only blue fluorescence (DAPI-positive, PI-negative)
were considered viable, whereas those exhibiting both blue and red fluorescence (DAPI-
positive, Pl-positive) were classified as non-viable due to membrane permeabilization.
This loss of selective membrane integrity reflects compromised viability and parallels the
concept of electroporation-induced damage explored in later analyses.

The data of treated oocysts were normalized to the background permeability observed
in the controls. The viability percentage of the negative control oocysts (NC) was adjusted
to 100%, and the viability percentage of the treated oocysts (TO) was corrected by the same
factor using the following formula:

)

Corrected TO = <Observed TO> x 100

Observed NC

The percentage of permeabilized oocysts was calculated as the difference between
100% and the viability percentage.

2.4.2. Flow Cytometry

To quantitatively assess membrane permeabilization in Cryptosporidium oocysts follow-
ing PEF treatments, with greater sensitivity and resolution than microscopy, flow cytometry
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was employed as the principal analytical technique. A dual-fluorescence staining protocol

® easyCyte™ flow cytometer (Luminex®, Tokyo, Japan),

was carried out using a Guava
which operates with a 488 nm blue laser for excitation and detects fluorescence through
specific optical filters.

Cryptosporidium oocysts were identified using the Aqua-Glo™ G/C Direct Fluorescent
Antibody reagent (Waterborne Inc., New Orleans, LA, USA), which contains fluores-
cein isothiocyanate (FITC)-labeled mouse monoclonal antibodies directed against cyst
and oocyst outer wall antigenic sites (epitopes) of Giardia lamblia and Cryptosporidium
parvum. This reagent is genus-specific and binds exclusively to the cysts and oocysts of
these two parasites. Green fluorescence from FITC-labeled oocysts was detected using a
525/30 nm bandpass filter (GRN-B), enabling specific identification of antibody-bound
oocysts. Membrane permeabilization—and consequently, loss of viability—was assessed
using propidium iodide (PI), whose fluorescence was detected using a 695/50 nm bandpass
filter (RED-B).

Following PEF treatment, oocysts (370 uL, 10® oocyst/mL) were pre-incubated at pH
2.75 for 1 h at 37 °C, washed twice with HBSS (pH 7.2), and incubated with 30 pL of PI
solution (0.1 mg/mL) for 2 h at 37 °C in the dark. During the final 25 min of incubation,
4.5 uL of the antibody reagent was added to each tube. Samples were then analyzed in
duplicate using the flow cytometer, with 8000 events recorded per sample at a flow rate
of 0.59 uL/s. Events emitting green fluorescence above 3.0 x 10% a.u. were considered
FITC-positive, while those emitting red fluorescence above 3.0 x 103 a.u. were considered
Pl-permeable. The percentage of permeabilization was calculated based on the proportion
of oocysts exceeding this fluorescence threshold.

Data acquisition began by visualizing the total particle distribution via forward scat-
ter (FSC) versus side scatter (SSC) (Figure Ala). To identify the oocyst population and
exclude smaller contaminants with overlapping size distributions, events emitting green
fluorescence (Figure Ald) were gated to isolate specifically labeled oocysts (FITC-positive)
(Figure Alb). Within this gated oocyst population, red fluorescence from PI was analyzed
to differentiate between permeabilized oocysts (PI-positive) and intact oocysts (PI-negative)
(Figure Ale,g).

This gating strategy enabled accurate and selective quantification of PEF-induced
membrane permeabilization by analyzing PI uptake specifically within the FITC-positive
oocyst population, while excluding non-target particles and background debris.

2.5. Fruit Juices

The PEF treatments applied in the buffer were validated with the oocysts suspended
in two fruit juice matrices. Commercial pasteurized 100% fruit juice made from Golden
and Granny Smith apples was used. Carrot juice was prepared using the Juissen 2 cold
press juicer (Sojamatic, Barcelona, Spain) and commercial carrots. The physicochemical
properties of the juices are shown in Table 1. The juices were inoculated with 2 x 10°
oocysts/mL and treated by PEF at 25 kV/cm (30 pulses of 3 ps) applied at different
temperatures (20, 30, and 40 °C).

Table 1. Physicochemical properties of juices used in the validation of PEF treatments.

Property Carrot Juice Apple Juice
pH 594 +0.01 3.40 +0.01
°Brix 6.35 £ 0.05 119 £0.1
Conductivity 4.3 4+0.01 1.64 = 0.01
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2.6. Experimental Design

Response surface methodology (RSM) was used to evaluate the effect of electric
field strength (15-35 kV/cm), treatment time (60-180 ps), and input energy (14.65 to
320.27 kJ /kg) on the permeabilization of Cryptosporidium to PI. The data obtained were
modeled with the following second-order polynomial equation:

Y = Bo+ it BiXi + Zima® BuXP + Zi< [* BiXiX; 2)

In which Y'is the response variable to be modeled, X; and X; are independent factors, S
is the intercept, B; represents the linear coefficients, ;; represents the quadratic coefficients,
Bij represents the cross-product coefficients, and k is the total number of independent
factors. A backward regression procedure was used to determine the models’ parameters.
This procedure systematically removed the effects that were not significantly associated
(p > 0.05) with the response until a model with a significant effect was obtained.

2.7. Statistical Analysis

Experiments were performed in triplicate, and the presented results are the mean + 95%
confidence interval. One-way analysis of variance (ANOVA) using Tukey’s test was per-
formed to evaluate the significance of differences between the mean values. The differences
were considered significant at p < 0.05. A multiple regression analysis was conducted for
fitting Equation (2) to the experimental data and significant terms of the model were deter-
mined by ANOVA. The central composite design and the corresponding data analysis were
carried out by using the software package Design-Expert 13 (Stat-Ease Inc., Minneapolis,
MN, USA).

3. Results and Discussion

3.1. Influence of the Electric Parameters on Cryptosporidium Oocysts Permeabilization to PI
3.1.1. Effect of Electric Field Strength and Treatment Time

The influence of electric field strength and treatment time (number of pulses x pulse
width) on the permeabilization of Cryptosporidium to PI was investigated in order to find
the optimal PEF treatment conditions that maximize inactivation. The results confirm that
a certain level of permeabilization occurs after PEF treatments, with a clear direct effect of
electric field strength and treatment duration. The range of permeabilized oocysts varied
between 2.09% and 96.11%, depending on the treatment parameters, highlighting the im-
portance of fine-tuning the electrical conditions to achieve effective membrane disruption.

3.1.2. Regression Modeling and Statistical Significance

In order to quantify the influence of electric field strength and treatment time on the
permeabilization of Cryptosporidium, a multiple regression analysis was performed, fitting
the experimental data to Equation (2). The analysis resulted in the following equation after
removing non-significant terms (p > 0.05):

% Permeabilized Cryptosporidium oocyst = 72.707 — 7.571E — 0.076t 4 0.009Et + 0.194E>

Results of the analysis of variance (ANOVA) are shown in Table 1, including the
statistical measures used to assess the adequacy of the generated models. The Model
F-value of 101.82 implies the model is significant. There is only a 0.01% chance that an
F-value this large could occur due to noise. p-values less than 0.05 indicate model terms are
significant. In this case A, B, AB, and A2 are significant model terms. The lack of fit F-value
of 0.77 implies the lack of fit is not significant relative to the pure error. There is a 61.93%
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chance that a lack of fit F-value this large could occur due to noise. Non-significant lack of
fit is good; we want the model to fit.

The F-values of the model parameters displayed in Table 2 are indicators of the
significance of the variables’ effects. According to those F values, the electric field strength’s
linear term (F = 304.45), along with the electric field strength’s quadratic (F = 39.64) were
the two most significant variables, indicating that changes in these factors had the most
influence on the oocysts permeabilization. The linear term of treatment time (F = 16.84) and
the interaction between electric field and treatment time (F = 4.30) were also significant, but
had lower F-values. The presence of that interaction term means that the effect of electric
field strength on oocyst permeabilization slightly depends on the treatment time. The fit
statistics of the model developed are detailed in Table 3.

Table 2. Coefficients and F-values of the mathematical equation to describe the influence of electric
field strength and treatment time on the Cryptosporidium oocysts’ permeabilization to PI after multiple
regression modelling. Statistics to test the adequacy are also shown.

Sum of Squares df Mean Square F-Value p Value
Model 40,577.82 4 10,144.46 101.82 <0.0001
A-Electric Field Strength 30,333.77 1 30,333.77 304.45 <0.0001
B-Treatment time 1677.53 1 1677.53 16.84 0.0002
AB 428.60 1 428.60 4.30 0.0437
A2 3949.28 1 3949.28 39.64 <0.0001
Residual 4583.20 46 99.63
Lack of Fit 553.70 7 79.10 0.7656 0.6193
Pure Error 4029.50 39 103.32

Table 3. Fit statistics of the model developed to describe the influence of electric field strength and
treatment time on the Cryptosporidium oocysts permeabilization to PI.

Fit Statistics

R? 0.8985
Adjusted R? 0.8897
Predicted R? 0.8767

Adeq Precision 27.0390

The model showed a strong goodness-of-fit, with a coefficient of determination (R?)
of 0.899, indicating that approximately 89.9% of the variability in the response variable
was explained by the fitted model. The adjusted R? (0.890) was close to the R? value,
suggesting that the model was not overfitted and that the included predictors are relevant.
Furthermore, the predicted R? (0.877) demonstrated a good agreement with both R? and
adjusted R?, confirming the model’s predictive capability and its robustness in estimating
responses for new observations.

3.1.3. Interpretation of the Model and Response Surface Visualization

In order to illustrate the influence of electric field strength and treatment time on the
permeabilization of Cryptosporidium oocyst membrane, a graphical representation (Figure 1)
has been generated using the regression model (Equation (3)) considering the responses
within the range of experimental conditions assayed.
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Figure 1. Three-dimensional surface plot illustrating the effects of electric field strength and treatment
time on the PI permeabilization percentage of Cryptosporidium oocysts after Pulsed Electric Field
(PEF) treatments. The surface represents the model prediction, with a color gradient indicating the
magnitude of the response variable: blue for lower values and red for higher values. The color
bar at the top-left corner corresponds to the predicted response values, ranging from 2.00689 (blue)
to 96.1163 (red). Red dots represent actual experimental values that are higher than the model
predictions, while pink dots indicate values that are lower than predicted.

As shown in the three-dimensional response surface, a progressive increase in perme-
abilization is observed with increasing both parameters. However, the contribution of each
factor differs significantly. Electric field strength exhibits a non-linear, quadratic effect, evi-
denced by the pronounced curvature along the E-axis, suggesting a threshold behavior con-
sistent with membrane electroporation theory [25]. At subcritical field levels < 25 kV/cm,
the increase in membrane permeability is limited, but it escalates rapidly once the threshold
is exceeded. A similar quadratic dependence of electric field strength has been reported
in other parasites; for example, Abad et al. [28] described that the inactivation of Anisakis
larvae followed a non-linear pattern with respect to electric field intensity, where moder-
ate increases in the field resulted in significant higher lethality. Conversely, the effect of
treatment time is linear and comparatively modest, indicating that prolonged exposure
alone cannot compensate for subthreshold field intensities. This reinforces the principle
that sufficient transmembrane potential, which is primarily governed by field strength, is
essential for effective pore formation [33].

Furthermore, a synergistic interaction between electric field intensity and pulse du-
ration is evident, as reflected by the positive coefficient of the E-t interaction term in the
regression model. This synergy implies that simultaneous increases in both parameters
produce a greater-than-additive effect on oocyst permeabilization. The presence of experi-
mental data points both above and below the modeled surface highlights natural biological
variability and potential experimental factors not captured by the model, such as oocyst
age, aggregation, or microenvironmental conditions.
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According to the model, electric field strengths higher than 30 kV/cm are required
to achieve more than 50% permeabilization of Cryptosporidium oocysts. For instance,
applying treatments at room temperature with 30 kV/cm and 180 ps resulted in 55.1%
permeabilization of the oocysts. In contrast, more intense conditions (35 kV/cm and
180 ps) led to nearly 90% permeabilization of Cryptosporidium oocysts. The intensity of the
PEF parameters (electric field and treatment time) required to achieve permeabilization
highlights the strong resistance of Cryptosporidium oocysts to electroporation.

The only previous study of PEF on Cryptosporidium, conducted by Haas and Atu-
raliye [29], reported limited effectiveness of electroporation alone for oocyst inactivation,
with only minimal effects observed even at energy levels up to 386 k] /kg. However, the
authors reported only that the maximum voltage used in the experiments was 3 kV; they
did not directly report the electric field strength in kilovolts per centimeter (kV/cm). The
electrode gap (distance between electrodes in the cuvette) is not explicitly stated in the
paper, so we cannot calculate the electric field. If we assume they used a standard 0.2 cm
(2 mm) cuvette, which is common in electroporation setups and coincides with the volume
they used per sample, the maximum field strengths would be 3 kV /0.2 cm =15 kV/cm.
As demonstrated in the present study, the applied electric field used by Haas and Atu-
raliye [29] remained well below the threshold required to electroporate the resistant forms
of Cryptosporidium. Their results indicated that electroporation was insufficient as a
standalone inactivation method but still enhanced the efficacy of chemical disinfectants
such as combined chlorine and hydrogen peroxide through synergistic interactions. These
discrepancies in the efficacy of PEF may be attributed to differences in the technological
development of PEF equipment and treatment parameters (e.g., electric field strength, pulse
duration). While Haas and Aturaliye [29] applied up to 20 pulses from 0 to 99 s, they
did not specify the exact treatment time. The present study implements a comprehensive
and well-defined experimental design, applying 20 to 60 pulses of 3 us each, with precise
control over electric field intensity (15-35 kV/cm) and application temperature. This setup
enables accurate monitoring of the actual voltage and current applied, thanks to the probes
connected to the equipment. Furthermore, viability assessment in the current work was
supported by flow cytometry using genus-specific antibodies, providing higher resolution
than the excystation-based methods used in 1999. Collectively, these findings suggest
that advancements in PEF technology and methodology have significantly improved its
standalone potential for Cryptosporidium inactivation.

3.2. Influence of the PEF Treatment Temperature on the Cryptosporidium Oocysts Permeabilization
to PI

3.2.1. Evaluation of Thermal Resistance of Oocysts in the Absence of PEF

After demonstrating that PEF could be an effective procedure for Cryptosporidium
oocyst permeabilization, but considering their high resistance and the intense treatment
parameters required, the effect of applying the treatments at temperatures above room
temperature was investigated to determine whether it could enhance the effectiveness of
PEF and facilitate its implementation.

Before selecting the temperatures for the application of PEF treatments, a study was
conducted to evaluate the thermal resistance of isolated Cryptosporidium oocysts. The aim
was to rule out a purely thermal effect and to identify moderate temperatures that could
exert a synergistic effect with PEF treatments without affecting oocyst viability on their
own. Figure 2 shows the percentage of Cryptosporidium oocysts permeabilized to PI after
different exposure times (1, 5, and 10 min) at four temperatures (40, 50, 60, and 70 °C).
Permeabilization was negligible in all cases, except at the highest temperature (70 °C) for
all the times assayed and after the longest exposure time (10 min) at 60 °C. Therefore, it
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can be said that temperatures below 60 °C are ineffective for inactivating Cryptosporidium
oocysts, even after prolonged exposure times (5 min).
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Figure 2. Thermal resistance of Cryptosporidium oocysts in buffer: percentage of permeabilized
oocysts after exposure to 40 (blue), 50 (green), 60 °C (orange) and 70 °C (red) for 1, 5, and 10 min.

Studies on the permeabilization of Cryptosporidium oocysts to PI after heat treatment
were commonly conducted to assess post-treatment viability. PI is a fluorochrome that
does not penetrate intact cell membranes, so its uptake by oocysts indicates damage to the
membrane, presumably associated with a loss of viability. This staining gained popularity
due to its simplicity and rapid results [34-36]. Campbell et al. [34] reported a highly
significant correlation (r = 0.997) between a dual-staining assay using DAPI and PI and
in vitro excystation, suggesting that PI staining can reliably indicate oocyst viability under
certain conditions. However, comparisons with other methods suggest that PI staining
tends to overestimate viability compared to infectivity assays because some non-infectious
oocysts may still exclude the dye and be misclassified as viable. Additionally, SYTO-17
staining, a fluorogenic nucleic acid dye method, has demonstrated high sensitivity (~96%)
and specificity in distinguishing heat-killed from viable oocysts. Like other dye-based
methods, it still relies on the assumption that membrane integrity equates to infectivity [37].
More recent approaches include RT-qPCR, PMA-qPCR, and RNA FISH, which aim to detect
metabolic activity or intact nucleic acids associated with viable oocysts. For instance, PMA-
qPCR selectively amplifies DNA only from oocysts with intact membranes, improving
specificity. Meanwhile, RNA FISH targets ribosomal RNA to identify viable oocysts but
its reliability can be affected by RNA degradation in environmental matrices [36]. All
of these molecular methods focus on the integrity of a specific part of the oocyst, such
as the membrane, or on certain metabolic activities, but they do not directly measure its
infective capacity, which—aside from cell culture assays—would require confirmation using
animal models. However, as animal models (e.g., mice) are increasingly avoided due to
ethical concerns, and loss of membrane integrity correlates well with infectivity, PI staining
remains, in our view, a valid and practical approach for preliminary infectivity assessments.
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The results obtained in the present study are consistent with previous publications on
the inactivation of Cryptosporidium oocysts that include thermal treatments (temperature-
time combinations) within the temperature range studied. In a pivotal study by Fayer [38],
oocysts suspended in water were subjected to controlled heating and infectivity was evalu-
ated through bioassays in neonatal BALB/c mice, followed by histological examination
of intestinal tissues. The results demonstrated that oocysts remained infectious when
water temperatures reached up to 67.5 °C within 1 min. However, complete inactivation
was achieved when oocysts were exposed to temperatures of 72.4 °C. These findings in
animal models are consistent with our results with PI uptake and reinforce the notion that
moderate heat treatments below 60 °C are ineffective. Importantly, this study, as in our case,
eliminated confounding factors such as food matrices or organic matter, thereby providing
robust data on heat inactivation in clean aqueous suspensions. Nevertheless, the authors
noted that results might differ in more complex matrices like milk, emphasizing the need
for matrix-specific validation. Similarly, the study of Jenkins et al. [35] on the thermal inac-
tivation of C. parvum oocysts using differential uptake of DAPI and PI demonstrated that
exposure to increasing temperatures accelerated the shift in oocyst membrane permeability
from DAPI™PI™ (impermeable, viable) to DAPI*PI* (permeable, non-viable). Nine minutes
at 70 °C was required to achieve 75% DAPI*PI* oocysts, while 25% were still considered
potentially viable. In contrast, 2 min of exposure at 80 °C resulted in complete transition
to DAPI*PI*, indicating total inactivation. In our study, we used a fluorescein-labeled
antibody that specifically binds to the wall of Cryptosporidium oocysts. Therefore, after
parameter selection, gaining, and gating, we ensured that the events analyzed by flow
cytometry corresponded to oocysts, making our assessment of PI uptake potentially more
accurate than in older studies where DAPI and microscopy was used. Temesgen et al.
(2021) [39] employed a novel approach to assess the viability of C. parvum oocysts following
thermal inactivation treatments by developing a reverse transcription quantitative PCR
(RT-gPCR) method based on the expression of genes induced by oxidative stress. This
technique is grounded in the principle that only metabolically active (i.e., viable) oocysts
respond to oxidative stress by upregulating specific genes, such as thioredoxin and COWP?7.
Their results indicated that oocysts exposed to 60 °C for 2 min still exhibited measurable
expression of these stress-responsive genes, suggesting a lack of inactivation, whereas
heating at 80 °C for 3 min was required to achieve complete inactivation. This study, which
evaluates metabolic viability rather than PI uptake, is also consistent with the findings of
the present work. Therefore, it is confirmed that temperatures below 60 °C should not
have an effect on Cryptosporidium inactivation on their own, and thus temperatures below
this threshold (25-60 °C) were selected for the experiments evaluating the influence of
application temperature during PEF treatments.

3.2.2. Synergistic Effect of Temperature and PEF

The PEF treatment conditions selected for this experiment (25 kV/cm, 90 us) were
chosen based on the results obtained from the response surface model described earlier.
Specifically, the model revealed a threshold electric field around 25 kV /cm, below which
oocyst permeabilization was minimal. To remain at this threshold level and avoid inducing
high baseline permeabilization, which could mask potential synergistic effects between PEF
and temperature, 25 kV/cm was selected as the field intensity. Additionally, as the model
indicated that treatment time had a relatively minor effect compared to field strength,
a moderate duration of 90 us was employed. This exposure was sufficient to induce
approximately 20-30% membrane permeabilization at room temperature, thereby creating
a dynamic window to evaluate potential enhancements when combined with sublethal
thermal stress.
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The influence of the temperature of application of PEF treatment (25 kV /cm, 90 us)
on the Cryptosporidium oocysts permeabilization to PI is shown in Figure 3. A significant
temperature-dependent increase in oocyst permeabilization is observed when applying PEF
treatments. At 25 °C, the permeabilization percentage is relatively low (~30%) with high
variability. A progressive increase in temperature from 30 °C to 45 °C results in a steady
increase in permeabilization, reaching approximately 85% at 45 °C. From 50 °C onwards,
the effect appears to plateau, with values consistently around or above 90%, suggesting
that a maximum permeabilization effect is achieved, or even that the oocysts are so severely
damaged that they release their genetic material, preventing PI from binding and producing
a signal. Error bars indicate that variability decreases as temperature increases, especially
beyond 45 °C. These results indicate that increasing the temperature of PEF application
significantly enhances oocyst permeabilization, with temperatures > 40 °C maximizing the
effect. This suggests a synergistic interaction between thermal energy and electric pulses,
improving the efficacy of PEF treatment on the oocysts’ inactivation.
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Figure 3. Influence of the temperature of application of PEF treatment (25 kV/cm, 90 ps) on the
Cryptosporidium oocysts’” permeabilization to PI. Different letters indicate significant differences
(r <0.05).

Consistent with our findings, multiple studies have examined the effects of PEF treat-
ments on microbial inactivation—including yeasts and bacteria—at different temperatures,
emphasizing the synergistic benefits of combining PEF with moderate heat. Montanari
et al. [40] explored the inactivation of the yeast Saccharomyces (S.) cerevisine using PEF
combined with mild heat (50 °C). Preheating the yeast suspension enhanced the efficacy of
PEF treatments, leading to greater microbial reductions. The combination of heat and PEF
was more effective than either treatment alone. Yan et al. [41] examined the inactivation of
S. cerevisiae, Escherichia coli, and Bacillus (B.) velezensis under different initial temperatures
(24 °C, 30 °C, 40 °C, and 50 °C). The results indicated that increasing the temperature
reduced the critical electric field intensity required for microbial inactivation. This suggests
that temperature enhances the electroporation process, leading to more effective micro-
bial inactivation. Notably, B. velezensis, known for its spore-forming capability, showed
increased resistance, but the combination of higher temperatures with PEF treatments
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significantly improved inactivation rates. In this sense, similarly to bacterial spores, the
oocysts of Cryptosporidium exhibit remarkable structural adaptations that confer resistance
to environmental stresses, ensuring their survival in adverse conditions. Bacterial en-
dospores, such as those formed by Bacillus and Clostridium species, are characterized by
a multilayered structure comprising an exosporium, spore coat, cortex, and core. The
spore coat, rich in proteins, provides chemical and enzymatic resistance, while the cortex,
composed of peptidoglycan, aids in maintaining dehydration of the core. The core contains
DNA stabilized by small acid-soluble spore proteins (SASPs) and high concentrations of
calcium dipicolinate, contributing to resistance against heat, radiation, and desiccation [42].
Similarly, Cryptosporidium oocysts possess a robust wall structure with inner and outer
layers composed of proteins and carbohydrates. This wall confers resistance to chem-
ical disinfectants and environmental pressures. The oocyst wall’s unique composition,
including acid-fast lipids, contributes to its durability [43]. Both structures (bacterial spores
and parasitic oocysts) are metabolically dormant, enabling them to withstand unfavorable
conditions and persist in the environment. Their resilience poses significant challenges in
public health, particularly in water treatment and food sterilization processes, necessitating
advanced methods for effective inactivation.

As mentioned in the introduction, some recent research has explored the application of
PEF for inactivating parasites such as Anisakis spp. and Trichinella spp. [26,28]. However, to
the best of our knowledge, the influence of application temperature during PEF treatments
on parasite inactivation had not been studied to date. Previous studies about permeabiliza-
tion of bacteria and yeast, together with the results of the present investigation, underscore
the importance of combination with mild temperature in enhancing the effectiveness of
PEF treatments for microbial inactivation.

3.2.3. Technological Implications of Thermally-Assisted PEF Treatments

Our study demonstrated that PEF treatments (25 kV/cm, 90 us) applied at 45 °C
induce substantial membrane permeabilization in Cryptosporidium oocysts, achieving up
to 90% PI uptake. This high level of permeabilization is indicative of severe membrane
compromise and likely loss of viability. Importantly, these effects were achieved at a field
intensity notably lower than what would be required to reach similar permeabilization
levels at room temperature (35 kV/cm, 180 ps). This highlights a critical benefit of thermally
assisted PEF: by leveraging moderate thermal energy, it is possible to reduce the electric
field intensity necessary to disrupt oocyst membranes effectively.

From a technological and industrial perspective, this finding is highly relevant. Oper-
ating at lower field intensities reduces the demand for high-voltage equipment, making
PEF systems more energy-efficient, economically viable, and scalable for large-volume
applications. High-voltage generators required to produce fields above 30-35 kV/cm are
often expensive and difficult to implement in continuous industrial processes, whereas
fields below 25 kV/cm can be achieved more easily with commercially available PEF
systems, facilitating integration into existing processing lines. Therefore, combining PEF
with moderate heating presents a practical strategy to enhance oocyst inactivation while
minimizing infrastructure complexity.

In this context, it is worth comparing PEF with other non-thermal or minimally thermal
technologies investigated for Cryptosporidium inactivation. UV irradiation, particularly
using medium-pressure lamps, has been investigated for the inactivation of C. parvum.
Clancy et al. [44] demonstrated that a dose of 3 mJ/cm? achieved over a 3-log reduction in
infectivity when applied to thin liquid layers, as assessed using neonatal mouse models.
Similarly, Craik et al. [45] confirmed that UV doses of 10-25 m]/cm? could achieve 2-3 log
reductions. More recent studies using UV-LEDs [46] indicated that wavelengths around
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284-289 nm were particularly effective, achieving 2-log reductions in less than 40 min
of exposure using in vitro assays. However, although these results may suggest that UV
could be an effective disinfection strategy, its practical application is severely limited by
matrix turbidity and poor penetration depth, both of which invalidate its efficacy under
real-world conditions. Similarly, high hydrostatic pressure (HHP) has been assayed for
inactivating resilient C. parvum oocysts. Slifko et al. [24] reported that HHP at 550 MPa
for 60 s eliminated C. parvum infectivity in fruit juices, achieving over 3.4-log reductions.
Similarly, Collins et al. [47] observed up to a 93.3% reduction in infectivity in oyster
tissues at 550 MPa for 180 s using neonatal mouse bioassays. While highly effective, the
requirement for specialized high-pressure equipment—and particularly the significant
challenges related to designing systems capable of continuous treatment—prevents its
practical implementation, making it another unfeasible alternative to liquid treatments.
Pulsed light (PL) has also been studied, with the aim of inactivating Cryptosporidium oocysts
in both water and food matrices through both laboratory and field-scale setups. Huffman
et al. [48] reported that a point-of-use PL device achieved >4 log inactivation of C. parvum
in water using cell culture and animal infectivity assays, highlighting its potential for
household water purification systems with very low flow. On produce, PL has shown
variable efficacy depending on the commodity. Craighead et al. [23] achieved up to 4.3 log1g
reduction in oocyst infectivity on mesclun lettuce and between 2.2-2.5 logjy on spinach
and tomatoes after 45-90 s of treatment with minimal impact on produce quality. However,
despite its proven antimicrobial efficacy on surfaces, PL is not scalable for industrial food
and water treatment applications because of its limited penetration depth, which, similarly
to UV-irradiation, restricts inactivation to surface-level contaminants. Anecdotally, cold
atmospheric plasma (CP) has shown some positive results in inactivating Cryptosporidium
oocysts on fresh produce, such as cilantro, achieving up to a 2.03-logjo reduction after
180 s of exposure. However, treatment durations longer than 30 s caused visible damage
to the cilantro leaves, such as drying and darkening, which may compromise sensory
and nutritional quality, and standardization of the treatments was impossible due to
different factors [49]. Other studies have explored the use of ultrasounds as a non-thermal
method to inactivate C. parvum oocysts in water. Olvera et al. [50] investigated the effect
of a 1 MHz ultrasound on C. parvum oocysts and found that continuous irradiation for
20 min led to significant inactivation, with an estimated 102.7 oocysts killed per second
and minimal energy consumption. Similarly, Oyane et al. [51] utilized three different
sonicators employing the squeeze-film effect and observed that a cylindrical sonicator
operating at 26.6 kHz and 30 W achieved a 97% inactivation rate of oocysts at a flow
rate of 33 mL/min, corresponding to a residence time of approximately 5.2 min. These
findings suggested that ultrasound treatment can effectively reduce C. parvum viability,
with efficacy influenced by factors such as frequency, power, and exposure time. However,
these ultrasound-based disinfection methods require long treatment times, are very energy-
demanding, particularly at higher frequencies where cavitation intensity is reduced, and
most importantly are nowadays impossible to scale-up for continuous treatment.

In contrast, PEF technology offers a combination of effectiveness, energy efficiency,
and scalability. Treatments are extremely rapid, compatible with continuous-flow sys-
tems, and—when combined with moderate heating—can achieve substantial inactiva-
tion of resilient pathogens like Cryptosporidium using lower electric fields. This posi-
tions PEF as a competitive and industrially viable alternative among current emerging
disinfection technologies.
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3.3. Validation of PEF Treatments Applied at Different Temperatures for the Inactivation of
Cryptosporidium Oocysts in Carrot Juice and Apple Juice

3.3.1. Effect of PEF Temperature on Oocysts Permeabilization in Juices

Several documented outbreaks of Cryptosporidium have been linked to the consump-
tion of contaminated apple juice. One notable incident occurred in 1999 in the United
States, where unpasteurized apple cider caused an outbreak affecting dozens of individu-
als, including children. Investigations revealed that the juice had been contaminated with
Cryptosporidium oocysts, likely due to poor hygienic practices during production or the
use of contaminated water [15,52] Similarly, Cryptosporidium oocysts have been detected
on a variety of fresh produce, including carrots, lettuce, spinach, and other leafy greens,
raising public health concerns due to their potential for foodborne transmission [53]. Con-
tamination typically occurs through contact with fecally contaminated irrigation water,
manure-based fertilizers, or during handling and processing. Carrots, in particular, may be
at risk due to their close contact with soil, especially when consumed raw or minimally
processed. The robust wall structure of the oocysts allows them to adhere to irregular
surfaces and resist standard washing procedures [17] Furthermore, consumer demand
for non- or minimally processed fruit juices is rising due to health awareness, preference
for clean-label products, and interest in natural nutrient retention. Market projections
show strong growth, with sales expected to nearly double [54]. The growing demand
for minimally processed juices, combined with past outbreaks, raises significant safety
concerns and highlights the need for effective non-thermal disinfection technologies. This is
particularly critical given that Cryptosporidium oocysts are highly resistant to conventional
chlorination of water used to wash fruits and vegetables and can remain viable in the acidic
and refrigerated conditions typical of fruit juices.

In both apple and carrot juice, heat treatment alone up to 40 °C did not lead to
statistically significant differences in oocyst permeabilization compared to the untreated
control, even when the incubation at 40 °C was extended beyond one hour. The influence of
the temperature of a PEF treatment application (25 kV/cm, 90 ps) in apple juice and carrot
juice on the Cryptosporidium oocysts permeabilization is detailed in Figure 4. As shown
in Figure 4a, when the PEF treatments were performed in apple juice, the percentage of
permeabilized oocysts increased significantly with temperature. At 20 °C, permeabilization
was minimal (<5%), while at 30 °C it reached approximately 15%. A marked increase
was observed at 40 °C, with over 60% of oocysts permeabilized. In agreement with the
results obtained with oocysts suspended in the buffer, these results suggest that higher
application temperatures enhance the efficacy of PEF in disrupting oocyst membranes,
likely due to synergistic effects between electric pulses and thermal stress. However, the
lower permeabilization observed compared to buffer treatments suggests that the organic
matter in the juice may exert a protective effect on the oocysts. On the other hand, Figure 4b
shows the influence of PEF application temperature in carrot juice. The percentage of
permeabilized oocysts remained high across all tested temperatures, with values around
75% at 20 °C and 30 °C, and slightly increasing to approximately 85% at 40 °C. These
results indicate that PEF treatments were much more effective at permeabilizing oocyst
membranes in this matrix in comparison to apple juice. As considerable permeabilization
had already occurred at 20 and 30 °C, the improvement in permeabilization at the higher
temperature was more modest.
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Figure 4. Influence of the temperature of application of PEF treatment (25 kV/cm, 90 ps) on the
Cryptosporidium oocysts permeabilization to PI in (a) apple and (b) carrot juices. Different letters
indicate significant differences (p < 0.05).

3.3.2. Influence of Matrix Properties on PEF Efficacy

Although the PEF treatments applied to apple and carrot juices were equivalent in
terms of electric field strength, pulse number, and pulse width, the energy delivered to the
system differed substantially due to the variation in electrical conductivity between the
two juices. Carrot juice showed higher conductivity due to its natural content of minerals,
organic acids, amino acids, and vitamins, which increase ionic strength and facilitate greater
current flow during PEF treatment, leading to higher energy input under the same electric
field conditions. The conductivity of apple juice was 1.6 mS/cm, whereas carrot juice
exhibited a higher conductivity of 4.3 mS/cm. Consequently, the specific energy inputs for
apple juice were 106, 143, and 164 k] /kg at 20, 30, and 40 °C, respectively, while those for
carrot juice were higher, reaching 235, 248, and 262 k] /kg at the same temperatures. The
greater energy input during the treatments applied to carrot juice likely accounted for the
higher level of oocyst permeabilization observed in this matrix compared to apple juice.
The energy input applied during PEF treatments plays a critical role in the inactivation of
microorganisms. Higher energy inputs generally lead to increased membrane permeabi-
lization, which enhances microbial inactivation by facilitating irreversible electroporation
and loss of cellular integrity. However, the extent of inactivation also depends on factors
such as microbial type, medium conductivity, and temperature. Several studies have
demonstrated that increasing the specific energy input improves the effectiveness of PEF in
reducing microbial loads in liquid foods [55,56]. Specifically in parasites, Abad et al. [28]
demonstrated that increasing the specific energy input significantly enhanced the efficacy
of PEF treatments in inactivating Anisakis larvae.

Contrary to expectations, the treatments were more effective in the neutral-pH juice
(carrot juice, pH 5.94) compared to the acidic juice (apple juice, pH 3.40). This may be
explained by the higher energy applied during the PEF treatments in carrot juice, which
could have masked any potential synergistic effect of acidic pH on oocyst permeabilization
in the apple juice matrix. In the case of bacterial and yeast inactivation, the pH of the
treatment medium significantly influences the efficacy of PEF treatments. Several studies
have demonstrated that acidic environments increase microbial susceptibility to PEF. For
example, Jin et al. [57] showed that reducing the pH from 7.0 to 4.0 during PEF treatment
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led to a substantial decrease in E. coli counts in liquid whole egg, indicating a synergistic
interaction between low pH and PEF. Likewise, Li et al. [58] reported that S. cerevisiae
exhibited higher inactivation rates at pH 4.0 than at pH 7.0 under PEF, suggesting that
acidic conditions may weaken membrane integrity and enhance electroporation. These
findings highlight the relevance of pH in optimizing PEF-based microbial inactivation
strategies. However, since the treatments in our study differ significantly in terms of
energy input, no conclusions can be drawn regarding the specific effect of matrix pH on the
permeabilization of oocysts following PEF treatments at different application temperatures.

In addition to the pH of the medium, the efficacy of inactivation treatments for Cryp-
tosporidium oocysts is strongly influenced by the surrounding matrix. Studies have shown
that organic-rich environments—such as food matrices or manure—can exert protective
effects on oocysts, thereby reducing the effectiveness of treatments compared to simpler
systems like buffer solutions. For instance, Petersen et al. [59] observed that the inacti-
vation rate of C. parvum oocysts was notably lower in cattle slurry compared to distilled
water when treated with ammonia, suggesting that components in the slurry may shield
oocysts from chemical agents. Similarly, Temesgen et al. [39] highlighted that standard
inactivation methods effective in water might not yield the same results in food matrices,
emphasizing the need to consider matrix composition in treatment strategies. Natural juice
components—such as total polyphenols, polysaccharides, and vitamins—may influence
the effectiveness of PEF treatment by either protecting or enhancing the inactivation of
Cryptosporidium oocysts. Our results, in agreement with the literature, underscore the
importance of tailoring inactivation approaches to specific environmental contexts and
food matrices to ensure the effective control of Cryptosporidium oocysts.

3.3.3. Industrial Feasibility, Regulatory Considerations and Limitations

Several studies have demonstrated effective microbial inactivation, particularly of
bacteria, in both apple and carrot juices using PEF, with no significant alterations in color,
flavor, or nutritional composition. The minimal impact on organoleptic and nutritional
properties positions PEF as a promising non-thermal alternative to conventional pasteur-
ization, especially in industrial settings where product quality and shelf-life extension are
critical [60,61]. However, despite its strong potential, the industrial adoption of PEF for
juice pasteurization remains limited. This is largely due to the high capital investment
required for equipment, the complexity of process validation for different juice matrices,
and the absence of standardized regulatory guidelines for microbial safety. Consequently,
PEF is currently applied primarily in niche markets focused on premium juice products,
where quality preservation justifies the associated costs.

Regulatory guidelines for microbial safety in foods typically focus on bacterial
pathogens, while protozoan parasites such as Cryptosporidium remain less specifically ad-
dressed, especially in fruit and vegetable juices. Although the oocysts are highly resistant to
conventional disinfection methods, including chlorination, and have been associated with
foodborne outbreaks related to fresh produce and beverages, current regulations—such as
the FDA’s HACCP guidance—acknowledge C. parvum as a relevant pathogen but do not
establish explicit microbial limits for its presence in juices [62]. Similarly, no specific regula-
tory thresholds have been defined by other major authorities as the European Food Safety
Authority [63]. This regulatory gap poses a significant challenge for the juice industry, as
oocysts can persist in minimally processed products without altering their organoleptic
properties, making contamination difficult to detect and consequently, posing a risk for
public health. In this context, non-thermal processing technologies such as PEF offer a
promising industrial strategy for achieving oocyst inactivation while preserving the sensory
and nutritional quality of the final product.

33



Foods 2025, 14,2112

However, despite the potential of PEF, some limitations of the present study should
be acknowledged. The assessment of oocyst inactivation was based on PI uptake as
a proxy for membrane permeabilization, which does not directly confirm the loss of
infectivity. In vivo assays should be performed to validate this outcome. Furthermore, the
experiments were conducted under controlled laboratory conditions using model matrices,
and although apple and carrot juices are relevant systems, the variability in industrial
formulations and processing environments may affect treatment reproducibility. Future
studies should address these limitations to strengthen the robustness and scalability of PEF
as a disinfection strategy.

4. Conclusions

This study demonstrates that Pulsed Electric Field (PEF) technology can effectively
permeabilize Cryptosporidium oocysts suspended in water, apple juice, and carrot juice,
particularly when treatments are applied at moderate temperatures (>40 °C). The findings
highlight the critical role of electric field strength, treatment time, and application tem-
perature in achieving high levels of oocyst membrane disruption, with permeabilization
exceeding 90% under optimized conditions. Notably, the surrounding matrix influenced
treatment efficacy, with higher inactivation observed in carrot juice—likely due to greater
conductivity and thus energy input—compared to apple juice. These results support the
potential of PEF as a non-thermal alternative for enhancing the microbiological safety of
minimally processed fruit juices, with minimal impact on organoleptic quality. Given
the growing demand for fresh-like beverages and the resilience of Cryptosporidium to
conventional sanitizers, PEF offers a scalable, energy-efficient solution for industrial appli-
cations targeting protozoan pathogens. Further studies incorporating infectivity assays are
recommended to fully validate oocyst inactivation and guide regulatory acceptance.
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Appendix A
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Figure A1. Flow cytometry gating strategy used to evaluate membrane permeabilization of Cryp-

tosporidium oocysts after PEF treatment. (a) Initial FSC vs. SSC plot showing the total particle

population in the samples. (b) Sub-gating of the oocyst population based on size and internal

complexity (FSC vs. SSC), selecting only events exhibiting green fluorescence (FITC-positive) to
ensure specific identification of antibody-labeled oocysts. (c,d) Green fluorescence (GRN-B) from
samples without and with FITC-labeled antibody, respectively; only labeled samples exhibit a clear

FITC-positive signal used to identify oocysts. (e,g) PI uptake in untreated and PEF-treated oocysts,

respectively, measured in the red fluorescence channel (RED-B); PI-positive oocysts appear in red.

(f h) Histogram overlays representing red fluorescence intensity (RED-B) in untreated and PEF-

treated oocysts, respectively, showing an increase in PI uptake after PEF treatment. Data correspond

to 8000 events acquired per sample.

35



Foods 2025, 14,2112

References

1. Zahedi, A.; Ryan, U. Cryptosporidium—An Update with an Emphasis on Foodborne and Waterborne Transmission. Res. Vet. Sci.
2020, 132, 500-512. [CrossRef] [PubMed]

2. Costa, D.; Razakandrainibe, R.; Valot, S.; Vannier, M.; Sautour, M.; Basmaciyan, L.; Gargala, G.; Viller, V.; Lemeteil, D.; Ballet, ].].;
et al. Epidemiology of Cryptosporidiosis in France from 2017 to 2019. Microorganisms 2020, 8, 1358. [CrossRef]

3. De Felice, L.A.; Basset, C.; Unzaga, ].M. Chapter 13: Cryptosporidium spp. In Protozoos Pardsitos de Importancia Sanitaria: Un
Abordaje Transdisciplinar; Editorial de la Universidad Nacional de La Plata (EDULP): Plata, Argentina, 2023. [CrossRef]

4. Garcia-R, J.C.; Hayman, D.T.S. A Review and Analysis of Cryptosporidiosis Outbreaks in New Zealand. Parasitology 2023, 150,
606-611. [CrossRef] [PubMed]

5. European Centre for Disease Prevention and Control (ECDC). Cryptosporidiosis—Annual Epidemiological Report 2021; European
Centre for Disease Prevention and Control: Stockholm, Sweden, 2024.

6. Augendre, L.; Costa, D.; Escotte-Binet, S.; Aubert, D.; Villena, I.; Dumetre, A.; La Carbona, S. Surrogates of Foodborne and
Waterborne Protozoan Parasites: A Review. Food Waterborne Parasitol. 2023, 33, €00212. [CrossRef]

7. Nasser, A.M. Removal of Cryptosporidium by Wastewater Treatment Processes: A Review. |. Water Health 2016, 14, 1-13. [CrossRef]

8.  Adeyemo, EE; Singh, G.; Reddy, P.; Bux, E,; Stenstrom, T.A. Efficiency of Chlorine and UV in the Inactivation of Cryptosporidium
and Giardia in Wastewater. PLoS ONE 2019, 14, e0216040. [CrossRef] [PubMed]

9. Korich, D.G.; Mead, ].R.; Madore, M.S.; Sinclair, N.A.; Sterling, C.R. Effects of Ozone, Chlorine Dioxide, Chlorine, and Monochlo-
ramine on Cryptosporidium Parvum Oocyst Viability. Appl. Environ. Microbiol. 1990, 56, 1423-1428. [CrossRef]

10. Kristanti, R.A.; Hadibarata, T.; Syafrudin, M.; Yilmaz, M.; Abdullah, S. Microbiological Contaminants in Drinking Water: Current
Status and Challenges. Water Air Soil Pollut. 2022, 233, 299. [CrossRef]

11.  Kunz, J.M.; Lawinger, H.; Miko, S.; Gerdes, M.; Thuneibat, M.; Hannapel, E.; Roberts, V.A. Surveillance of Waterborne Disease
Outbreaks Associated with Drinking Water-United States, 2015-2020. Morb. Mortal. Wkly. Rep. 2024, 73, 1-23. [CrossRef]

12.  Dulffy, G.; Moriarty, E.M. Cryptosporidium and Its Potential as a Food-Borne Pathogen. Anim. Health Res. Rev. 2003, 4, 95-107.
[CrossRef]

13.  Donnelly, ].K.; Stentiford, E.I. The Cryptosporidium Problem in Water and Food Supplies. LWT-Food Sci. Technol. 1997, 30,
111-120. [CrossRef]

14. Ethelberg, S.; Lisby, M.; Vestergaard, L.S.; Enemark, H.I.; Olsen, K.E.P,; Stensvold, C.R.; Nielsen, H.V.; Porsbo, L.J.; Plesner,
A.AM.; Melbak, K. A Foodborne Outbreak of Cryptosporidium Hominis Infection. Epidemiol. Infect. 2009, 137, 348-356. [CrossRef]
[PubMed]

15.  Robertson, L.J.; Temesgen, T.T.; Tysnes, K.R; Eikds, ].E. An Apple a Day: An Outbreak of Cryptosporidiosis in Norway Associated
with Self-Pressed Apple Juice. Epidemiol. Infect. 2019, 147, €139. [CrossRef] [PubMed]

16. Ali, M.; Ji, Y,; Xu, C.; Hina, Q.; Javed, U,; Li, K. Food and Waterborne Cryptosporidiosis from a One Health Perspective: A
Comprehensive Review. Animals 2024, 14, 3287. [CrossRef]

17.  Gharpure, R.; Perez, A.; Miller, A.D.; Wikswo, M.E; Silver, R.; Hlavsa, M.C. Cryptosporidiosis Outbreaks-United States, 2009-2017.
Morb. Mortal. Wkly. Rep. 2019, 68, 568-572. [CrossRef]

18.  Deng, M.Q.; Cliver, D.O. Inactivation of Cryptosporidium parvum Oocysts in Cider by Flash Pasteurization. J. Food Prot. 2001, 64,
523-527. [CrossRef]

19. Barrett, D.M.; Beaulieu, J.C.; Shewfelt, R. Color, Flavor, Texture, and Nutritional Quality of Fresh-Cut Fruits and Vegetables:
Desirable Levels, Instrumental and Sensory Measurement, and the Effects of Processing. Crit. Rev. Food Sci. Nutr. 2010, 50,
369-389. [CrossRef]

20. Hanes, D.E.; Worobo, R.W.; Orlandi, P.A.; Burr, D.H.; Miliotis, M.D.; Robl, M.G; Bier, ] W.; Arrowood, M.].; Churey, ].J.; Jackson,
G.J. Inactivation of Cryptosporidium parvum Oocysts in Fresh Apple Cider by UV Irradiation. Appl. Environ. Microbiol. 2002, 68,
4168-4172. [CrossRef]

21. Kniel, K.E. Evaluation of Chemical Treatments and Ozone on the Viability of Cryptosporidium parvum Oocysts in Fruit Juices.
Ph.D. Dissertation, Faculty of the Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 2002.

22. Kniel, KE,; Sumner, S.S.; Lindsay, D.S.; Hackney, C.R.; Pierson, M.D.; Zajac, A.M.; Golden, D.A.; Fayer, R. Effect of Organic Acids
and Hydrogen Peroxide on Cryptosporidium parvum Viability in Fruit Juices. J. Food Prot. 2003, 66, 1650-1657. [CrossRef]

23. Craighead, S.; Huang, R.; Chen, H.; Kniel, K.E. The Use of Pulsed Light to Inactivate Cryptosporidium parvum Oocysts on High-Risk
Commodities (Cilantro, Mesclun Lettuce, Spinach, and Tomatoes). Food Control 2021, 126, 107965. [CrossRef]

24. Slifko, T.R.; Raghubeer, E.; Rose, ].B. Effect of High Hydrostatic Pressure on Cryptosporidium parvum Infectivity. J. Food Prot. 2000,
63,1262-1267. [CrossRef] [PubMed]

25. Kotnik, T.; Kramar, P,; Pucihar, G.; Miklav¢i¢, D.; Tarek, M. Cell Membrane Electroporation-Part 1: The Phenomenon. IEEE Electr.

Insul. Mag. 2012, 28, 14-23. [CrossRef]

36



Foods 2025, 14,2112

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Martinez, ] M.; Abad, V,; Quilez, J.; Reina, D.; Pérez-Martin, J.E.; Raso, J.; Cebrian, G.; Alvarez-Lanzarote, I. Inactivation of
Trichinella Spp. in Naturally Infected Boar Meat after Pulsed Electric Field (PEF) Treatments. Food Control 2024, 163, 110482.
[CrossRef]

Delso, C.; Martinez, ].M.; Cebridn, G.; Condoén, S.; Raso, J.; Alvarez, I. Microbial Inactivation by Pulsed Electric Fields. In Pulsed
Electric Fields Technology for the Food Industry: Fundamentals and Applications; Raso, J., Heinz, V., Alvarez, 1., Toepfl, S., Eds.; Springer
International Publishing: Cham, Switzerland, 2022; pp. 169-207. ISBN 978-3-030-70586-2.

Abad, V.; Alejandre, M.; Herndndez-Fernandez, E.; Raso, J.; Cebridn, G,; Alvarez-Lanzarote, I. Evaluation of Pulsed Electric Fields
(PEF) Parameters in the Inactivation of Anisakis Larvae in Saline Solution and Hake Meat. Foods 2023, 12, 264. [CrossRef]

Haas, C.N.; Aturaliye, D. Semi-Quantitative Characterization of Electroporation-Assisted Disinfection Processes for Inactivation
of Giardia and Cryptosporidium. J. Appl. Microbiol. 1999, 86, 899-905. [CrossRef]

Heinz, V.; Phillips, S.T.; Zenker, M.; Knorr, D. Inactivation of Bacillus Subtilis by High Intensity Pulsed Electric Fields under Close
to Isothermal Conditions. Food Biotechnol. 1999, 13, 155-168. [CrossRef]

Saldafia, G.; Puértolas, E.; Alvarez, I.; Meneses, N.; Knorr, D.; Raso, J. Evaluation of a Static Treatment Chamber to Investigate
Kinetics of Microbial Inactivation by Pulsed Electric Fields at Different Temperatures at Quasi-Isothermal Conditions. J. Food Eng.
2010, 100, 349-356. [CrossRef]

Bukhari, Z.; Glen, W.G.; Clancy, J.L. Effects of pH on a fluorogenic vital dyes assay (4, 6'-diamidino-2-phenyl-indole and
propidium iodide) for Cryptosporidium sp. oocysts. Water Res. 1999, 33, 3037-3039. [CrossRef]

Weaver, J.C.; Chizmadzhev, Y.A. Theory of Electroporation: A Review. Bioelectrochem. Bioenerg. 1996, 41, 135-160. [CrossRef]
Campbell, A.T.; Robertson, L.J.; Smith, H.V. Viability of Cryptosporidium Parvum Oocysts: Correlation of In Vitro Excystation
with Inclusion or Exclusion of Fluorogenic Vital Dyes. Appl. Environ. Microbiol. 1992, 58, 3488-3493. [CrossRef]

Jenkins, M.B.; Anguish, L.J.; Bowman, D.D.; Walker, M.].; Ghiorse, W.C. Assessment of a Dye Permeability Assay for Deter-
mination of Inactivation Rates of Cryptosporidium parvum Oocysts. Appl. Environ. Microbiol. 1997, 63, 3844-3850. [CrossRef]
[PubMed]

Vande Burgt, N.H.; Auer, A.; Zintl, A. Comparison of in Vitro Viability Methods for Cryptosporidium Oocysts. Exp. Parasitol. 2018,
187, 30-36. [CrossRef] [PubMed]

Tomonaga, T.; Kumar Rai, S.; Uga, S. Differentiation between Viable and Dead Cryptosporidium Oocysts Using Fluorochrome
Staining. Kobe J. Med. Sci. 2015, 61, E138-E143.

Fayer, R. Effect of High Temperature on Infectivity of Cryptosporidium parvum Oocysts in Water. Appl. Environ. Microbiol. 1994, 60,
2732-2735. [CrossRef]

Temesgen, T.T.; Tysnes, K.R.; Robertson, L.]. Use of Oxidative Stress Responses to Determine the Efficacy of Inactivation
Treatments on Cryptosporidium Oocysts. Microorganisms 2021, 9, 1463. [CrossRef]

Montanari, C.; Tylewicz, U.; Tabanelli, G.; Berardinelli, A.; Rocculi, P; Ragni, L.; Gardini, F. Heat-Assisted Pulsed Electric Field
Treatment for the Inactivation of Saccharomyces Cerevisiae: Effects of the Presence of Citral. Front. Microbiol. 2019, 10, 1737.
[CrossRef]

Yan, Z.; Yin, L.; Hao, C.; Liu, K.; Qiu, J. Synergistic Effect of Pulsed Electric Fields and Temperature on the Inactivation of
Microorganisms. AMB Express 2021, 11, 47. [CrossRef]

Nicholson, W.L.; Munakata, N.; Horneck, G.; Melosh, H.J.; Setlow, P. Resistance of Bacillus Endospores to Extreme Terrestrial and
Extraterrestrial Environments. Microbiol. Mol. Biol. Rev. 2000, 64, 548-572. [CrossRef] [PubMed]

Bushkin, G.G.; Motari, E.; Carpentieri, A.; Dubey, J.P.; Costello, C.E.; Robbins, PW.; Samuelson, J. Evidence for a Structural Role
for Acid-Fast Lipids in Oocyst Walls of Cryptosporidium, Toxoplasma, and Eimeria. mBio 2013, 4, e€00387-13. [CrossRef]

Clancy, J.L.; Bukhari, Z.; Hargy, T.M.; Bolton, J.R.; Dussert, B.W.; Marshall, M.M. Using UV to Inactivate Cryptosporidium. J. Am.
Water Works Assoc. 2000, 92, 97-104. [CrossRef]

Craik, S.A.; Weldon, D.; Finch, G.R.; Bolton, ].R.; Belosevic, M. Inactivation of Cryptosporidium parvum oocysts using medium-and
low-pressure ultraviolet radiation. Water Res. 2001, 35, 1387-1398. [CrossRef] [PubMed]

Matsubayashi, M.; Teramoto, I.; Urakami, I.; Naohara, ].; Sasai, K.; Kido, Y.; Kaneko, A. Evaluation of Cryptosporidium parvum
Oocyst Inactivation Following Exposure to Ultraviolet Light-Emitting Diodes by in Vitro Excystation and Dye Staining Assays.
Parasitol. Int. 2022, 88, 102557. [CrossRef] [PubMed]

Collins, M.V,; Flick, G.J.; Smith, S.A.; Fayer, R.; Croonenberghs, R.; O’keefe, S.; Lindsay, D.S. The Effect of High-Pressure
Processing on Infectivity of Cryptosporidium parvum Oocysts Recovered from Experimentally Exposed Eastern Oysters (Crassostrea
virginica). J. Eukaryot. Microbiol. 2005, 52, 500-504. [CrossRef]

Huffman, D.E,; Slifko, T.R.; Salisbury, K.; Rose, ].B. Inactivation of bacteria, virus and Cryptosporidium by a point-of-use device
using pulsed broad spectrum white light. Water Res. 1999, 34, 2491-2498. [CrossRef]

Craighead, S.; Hertrich, S.; Boyd, G,; Sites, ]J.; Niemira, B.A.; Kniel, K.E. Cold Atmospheric Plasma Jet Inactivates Cryptosporidium
paroum Oocysts on Cilantro. J. Food Prot. 2020, 83, 794-800. [CrossRef]

37



Foods 2025, 14,2112

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Olvera, M.; Eguia, A.; Rodriguez, O.; Chong, E.; Pillai, S.D.; llangovan, K. Inactivation of Cryptosporidium parvum Oocysts in
Water Using Ultrasonic Treatment. Bioresour. Technol. 2008, 99, 2046-2049. [CrossRef] [PubMed]

Oyane, I; Furuta, M.; Stavarache, C.E.; Hashiba, K.; Mukai, S.; Nakanishi, M.; Kimata, I.; Maeda, Y. Inactivation of Cryptosporidium
paroum by Ultrasonic Irradiation. Environ. Sci. Technol. 2005, 39, 7294-7298. [CrossRef]

Centers for Disease Control and Prevention Outbreaks of Escherichia Coli O157:H7 Infection and Cryptosporidiosis Associated
With Drinking Unpasteurized Apple Cider—Connecticut and New York, October 1996. JAMA 1997, 277, 781-782. [CrossRef]
Robertson, L.J.; Gjerde, B. Occurrence of Parasites on Fruits and Vegetables in Norway. J. Food Prot. 2001, 64, 1793-1798. [CrossRef]
Grand View Research. Cold Press Juice Market Size, Share & Trends Analysis Report by Type (Fruit, Vegetable), by Category (Conventional,
Organic), by Packaging, by Distribution Channel, by Region, and Segment Forecasts, 2024-2030; Grand View Research: San Francisco,
CA, USA, 2024.

Heinz, V.,; Toepfl, S.; Knorr, D. Impact of Temperature on Lethality and Energy Efficiency of Apple Juice Pasteurization by Pulsed
Electric Fields Treatment. Innov. Food Sci. Emerg. Technol. 2003, 4, 167-175. [CrossRef]

Toepfl, S.; Mathys, A.; Heinz, V.; Knorr, D. Review: Potential of High Hydrostatic Pressure and Pulsed Electric Fields for Energy
Efficient and Environmentally Friendly Food Processing. Food Rev. Int. 2006, 22, 405-423. [CrossRef]

Jin, T.; Zhang, H.; Hermawan, N.; Dantzer, W. Effects of PH and Temperature on Inactivation of Salmonella Typhimurium DT104
in Liquid Whole Egg by Pulsed Electric Fields. Int. . Food Sci. Technol. 2009, 44, 367-372. [CrossRef]

Li, L.; Yang, R.; Zhao, W. The Effect of Pulsed Electric Fields (PEF) Combined with Temperature and Natural Preservatives on the
Quality and Microbiological Shelf-Life of Cantaloupe Juice. Foods 2021, 10, 2606. [CrossRef]

Petersen, H.H.; Dalsgaard, A.; Vinneras, B.; Jensen, L.S.; Le, T.T.A.; Petersen, M.A.; Enemark, H.L.; Forslund, A. Inactivation of
Cryptosporidium parvum Oocysts and Faecal Indicator Bacteria in Cattle Slurry by Addition of Ammonia. J. Appl. Microbiol. 2021,
130, 1745-1757. [CrossRef] [PubMed]

Barsotti, L.; Cheftel, ].C. Food Processing by Pulsed Electric Fields. II. Biological Aspects. Food Rev. Int. 1999, 15, 181-213.
[CrossRef]

Charles-Rodriguez, A.V.; Nevarez-Moorillén, G.V.; Zhang, Q.H.; Ortega-Rivas, E. Comparison of Thermal Processing and Pulsed
Electric Fields Treatment in Pasteurization of Apple Juice. Food Bioprod. Process. 2007, 85, 93-97. [CrossRef]

Food and Drug Administratio. Guidance for Industry: Juice Hazard Critical Control Point Hazards and Controls Guidance, 1st ed.; Food
and Drug Administratio: Silver Spring, MD, USA, 2004.

Robertson, L.J.; Chalmers, R.M. Foodborne Cryptosporidiosis: Is There Really More in Nordic Countries? Trends Parasitol. 2013,
29, 3-9. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

38



@ foods ﬁw\p\py

Article
Modulating Yogurt Fermentation Through Pulsed Electric Fields
and Influence of Milk Fat Content

Graciela A. Miranda-Mejia !, Anaberta Cardador-Martinez 2, Viridiana Tejada-Ortigoza !,
Mariana Morales-de la Pefia 3* and Olga Martin-Belloso 3:4-*

Tecnologico de Monterrey, Escuela de Ingenieria y Ciencias, Ave. Eugenio Garza Sada 2501,
Monterrey 64849, NL, Mexico; a01206309@tec.mx (G.A.M.-M.); viri.tejada@tec.mx (V.T.-O.)
Tecnologico de Monterrey, Escuela de Ingenieria y Ciencias, Epigmenio Gonzélez 500,

Querétaro 76130, Mexico; mcardador@tec.mx

Department of Food Technology, Engineering and Science, Universitat de Lleida, Rovira Roure 191,
25198 Lleida, Spain

Agrotecnio Center, Rovira Roure 191, 25198 Lleida, Spain

*  Correspondence: mariana.morales@udl.cat (M.M.-d.L.P.); olga.martin@udl.cat (O.M.-B.)

Abstract: Yogurt is a highly consumed dairy product valued for its nutritional and probiotic
properties. Its production involves the use of lactic acid bacteria, which drive biochemical
transformations during fermentation. Optimizing fermentation time without compromis-
ing yogurt quality is essential for improving processing efficiency. Pulsed electric fields
(PEFs) constitute a promising technology that stimulates microbial activity. In this study, a
yogurt starter inoculum suspended in milk (IM) with different fat content (0.5-2.8%) was
treated with low-intensity PEFs (1 kV/cm, 800-1600 ps) to enhance fermentation kinetics.
pH, soluble solids, lactose, lactic acid, and riboflavin concentrations were monitored during
6 h, comparing PEF-treated IM (PEF-IM) and untreated IM (C-IM). PEF-treatments applied
to IM reduced the fermentation time of inoculated milk by 4.3-20.4 min compared to C-IM.
The lowest fermentation time (5.1 4+ 0.16 h) was observed in milk added with PEF-IM
(2.8% fat) treated at 1 kV/cm for 1600 us. Milk inoculated with PEF-IM exhibited enhanced
lactose consumption (1.6-3.1%) and higher lactic acid production (7.2%) than milk with
C-IM. Riboflavin concentration (0.9-7%) decreased between 2 and 4 h, but it stabilized at the
end of fermentation. Obtained results suggest that PEFs promote reversible electroporation
in microbial cells, facilitating nutrient uptake and acidification, making it a promising
assisted-fermentation approach to improve yogurt production.

Keywords: pulsed electric fields; yogurt; fermentation; lactic acid bacteria

1. Introduction

Among dairy products obtained through fermentation, yogurt is highly demanded
for its nutritional, functional, and sensory characteristics [1,2]. Yogurt is produced by
inoculating milk with lactic acid bacteria (LAB), specifically Streptococcus thermophilus (S.
thermophilus) and Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus), which exhibit
a symbiotic relationship. S. thermophilus initiates the fermentation by producing formic
acid and CO,, which stimulate L. bulgaricus growth. In turn, L. bulgaricus hydrolyzes milk
proteins and releases peptides and amino acids, promoting the growth of S. thermophilus
and contributing also to yogurt flavor and texture [3-5]. These microorganisms metabolize
lactose into lactic acid, which causes a drop in pH and generates protein coagulation.
Yogurt is considered ready once the inoculated milk achieves a pH range between 4.5
and 4.7 (cut-off pH), ensuring its desired consistency, flavor, and microbial stability [3-5].
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In addition to acidification, LAB also influences the nutritional profile of yogurt. Some
strains can synthesize B-group vitamins such as riboflavin (vitamin By), while others may
uptake available riboflavin from the milk during fermentation, depending on their genetic
characteristics and physiological state, thereby modulating the final vitamin content in
yogurt [6,7].

Milk composition, particularly its fat content, also plays a key role in the fermentation
performance. Higher fat concentration is associated with slower acidification rates due to
the buffering capacity of fat globules and the reduced availability of aqueous-phase nu-
trients. Nevertheless, milk fat improves texture and sensory attributes and may also
contribute to LAB stability under processing conditions [8].

Fermentation is one of the most energy-demanding and time-consuming stages in yo-
gurt production, usually requiring between 4 and 6 h under standard industrial conditions.
Therefore, finding alternative approaches able to improve fermentation efficiency without
compromising product quality, represents a great challenge for the food industry [9,10].
In this context, novel technologies have gained attention as promising processes to assist
fermentation, showing numerous advantages. Among them, pulsed electric fields (PEFs)
are recognized as a promising non-thermal process characterized by their short processing
time, from micro to milliseconds, and high potential for enhancing microbial performance
when applied at low intensity. Reversible electroporation induced by low-intensity PEFs
(0.1-3 kV/cm) has been reported to transiently increase microbial membrane permeability.
This facilitates greater nutrient uptake and accelerates metabolic activity, promoting faster
fermentation without compromising cell viability [11-13]. Regarding milk fermentation,
electroporation may enhance the metabolic activity of S. thermophilus and L. bulgaricus
by improving their uptake of lactose and micronutrients, which are essential for acid
production and symbiotic growth [14].

Within the last decade, PEF processing (0.2-3.67 kV/cm) of yogurt starter cultures
has been studied to improve fermentation kinetics without compromising product quality.
PEF treatment of S. thermophilus and L. bulgaricus has been shown to enhance acidification
kinetics in reconstituted skimmed milk, reducing the pH lag phase by 12 min [15]. Similarly,
improvements in the fermentation rate, texture, and reduction of syneresis have also
been observed when mixed LAB cultures were suspended in peptone water and exposed
to PEFs [16]. Recently, applying PEFs to LAB inoculated into whole milk significantly
shortened total fermentation time by 31.2 min without compromising the physicochemical
or sensory quality of the obtained yogurt after 14 days of refrigerated storage [11].

On the other hand, it has been reported that PEF effects on microorganisms are highly
influenced by the composition of the medium ant its physicochemical properties, such as
conductivity [17-19]. Despite this, based on the current available literature, no studies have
addressed how the treatment of the inoculum by PEFs and medium characteristics affect
LAB performance during milk fermentation to obtain yogurt.

Hence, the aim of this study was to assess the effect of applying low-intensity PEFs
at different treatment times on inoculum suspended in milk (IM) with 0.5 and 2.8% fat
content, by monitoring the fermentation time and analyzing changes in the lactose, lactic
acid, and riboflavin content of milk supplemented with the IM throughout the fermentation
process.

2. Materials and Methods
2.1. Yogurt Manufacturing and Determination of Fermentation Endpoint

The procedure to obtain natural yogurt was conducted according to the method
previously established in Miranda-Mejia et al. [11]. Initially, the inoculum was made under
sterile conditions in a laminar flow hood, using 800 mL of commercial UHT (ultra-high

40



Foods 2025, 14, 1927

temperature) treated milk with 0.5 or 2.8% fat content (Alpura, Querétaro, Mexico) and
200 g of commercial thermophilic culture composed of S. thermophilus and L. bulgaricus
(Novonesis, Bagsvaerd, Capital region, Denmark; culture YF-L904, batch No: 3751231,
MEX), reaching an initial microbial load of 2.4 x 10 CFU/mL. The mixture of starter
culture and milk with different fat content (IM-0.5 and IM-2.8) was blended at 150-170 rpm
for 20 min to ensure homogeneity. Subsequently, 330 pL of IM-0.5 or IM-2.8 was transferred
into 330 mL of milk with 0.5 or 2.8% fat content, respectively, gently mixed, and incubated
at 42 °C for 6 h [20,21]. The pH was monitored every hour until reaching the cut-off pH
(4.7), which marked the end of the fermentation and yogurt formation.

An acidification curve was plotted using pH values vs. time obtained during 6 h
of yogurt fermentation. Then, the fermentation time was calculated by solving x with
Wolfram Alpha (Wolfram Research, Champaign, IL, USA) from Equation (1):

y=x>—x+a 1)
where y corresponds to the cut-off pH (4.7), a is a constant parameter, and x denotes the
fermentation endpoint.

2.2. Pulsed Electric Field Treatment

PEF treatment was carried out using an EPULSUS®-LPM1A-10 system (Energy Pulse
Systems, Lisbon, Portugal) with a maximum output of 10 kV, 200 A, and 3 kW. The equip-
ment featured a batch parallel treatment chamber comprising two stainless steel electrodes
separated by a 10 cm gap and insulated with a nylon dielectric material, operating in
monopolar mode. The IM-0.5 or IM-2.8 were subjected to PEF treatment before adding
them to the milk, when microorganisms were in the lag phase. IM (80 mL) with electrical
conductivity values of 22.9 mS/cm (0.5% fat content) and 18.5 mS/cm (2.8% fat content)
were located inside the treatment chamber and PEF processed during different treatment
times (t). t was determined by multiplying the pulse number by the pulse width (us). The
temperature of IM was taken before and right after PEF treatment using a digital ther-
mometer (PECULA TP101, Shenzhen, China). Under all tested conditions, the temperature
remained below 24 £ 0.5 °C. To independently assess the effect of the PEF, untreated IM
(C-IM) was used as a control and subjected to the same handling procedures without PEF
application, ensuring all other fermentation conditions were identical. PEF-treated IM
(PEF-IM) and C-IM were added to the milk and incubated under the same conditions to
monitor fermentation kinetics.

2.3. Experimental Design

A 23 factorial experiment was set up to investigate the influence of milk fat content (0.5
and 2.8%) and PEF processing at an electric field strength (E) of 1 kV/cm, pulsed with (1)
of 8 us, and a frequency (f) of 10 Hz during different ¢ (800, 1200, and 1600 pis) on microbial
performance through fermentation. The selection of these conditions was based on prior
research and preliminary experiments [11]. A total of six PEF treatments were applied to
IM as indicated in Table 1, having the milk with C-IM as reference.

The evaluation of lactose, lactic acid, and riboflavin concentration changes during
fermentation was performed on the milk added with PEF-IM, achieving the lowest fermen-
tation time (PEF-IMopr), comparing results with milk containing C-IM. This evaluation
allowed a comparative analysis of fermentation biochemical changes between milks with
PEF-IM at optimum conditions and C-IM.
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Table 1. PEF treatments (1 kV/cm, pulse width 8 us at 10 Hz) applied to inoculated milk (IM) with
different fat content (0.5 and 2.8%).

Treatment Fat (%) t (us)
C-IMO0.5 0
PEF-IM0.5-800 05 800
PEF-IM0.5-1200 ) 1200
PEF-IM0.5-1600 1600
C-IM2.8 0
PEF-IM2.8-800 28 800
PEF-IM2.8-1200 ) 1200
PEF-IM2.8-1600 1600

Inoculum size: 200 g of starter culture in 800 mL of milk.

2.4. pH, Total Soluble Solids, and Conductivity Measurements

Measurements of total soluble solids (°Brix) and pH were performed on 20 mL of IM
with a refractometer (HANNA HI 96813, HANNA Instruments, Woonsocket, RI, USA)
and a potentiometer (OAKTON pH 510, OAKTON Instruments, Vernon Hills, IL, USA),
respectively. Conductivity was measured (80 mL) using a conductivity meter (OAKTON
6+, OAKTON Instruments, Vernon Hills, IL, USA).

2.5. Microbial Count

Bacterial count was performed according to Kang et al. (2019) with some modifica-
tions [22]. The culture medium was prepared by dissolving 70 g of MRS (de Man-Rogosa—
Sharpe) (DIFCO, Becton, Dickinson, and Company, Sparks, MD, USA) agar in 1 L of
distilled water, sterilized (121 °C/15 min at 15 psi), and poured into Petri dishes. The
plates were left to solidify at room temperature for 40 min, covered with parafilm, and
placed in storage upside down under refrigerated conditions (4 & 1 °C) until use. IM
were stirred at 160 rpm for 1 h to ensure a homogeneous mixture. Six serial dilutions were
prepared, inoculated in petri dishes, and incubated 24 h at 42 & 0.5 °C. Bacterial colonies
were enumerated with a digital colony counter, and the number of colony-forming units
per milliliter (CFU/mL) was calculated with Equation (2).

CFU Averages colony count o)

mL  Dilution factor x volume plated

2.6. Lactose and Organic Acids Extraction and Quantification

Lactose and organic acids extractions were performed following the procedure of
Leclercg-Perlat (1999) with some modifications [23]. Milks with PEF-IMgpt and C-IM
(750 pL for lactose and 1000 puL for organic acids) were blended with 1 mL of deionized
water and placed in a water bath (50 °C) for 1 h. After incubation, the mixtures were
vortexed at 160,000 rpm for 2 min and immediately cooled using an ice bath to approxi-
mately reach 25 °C. For lactose extraction, 1250 pL each of Carrez I and Carrez Il reagents,
along with 250 uL of sodium hydroxide, were incorporated into the mixture. In the case of
organic acid extraction, 1 mL of a 240 g/L trichloroacetic acid solution (SIGMA-Aldrich,
St. Louis, MO, USA) and an additional 1 mL of distilled water were added. Both extracts
were subsequently vortexed again for homogenization and incubated for 1 h at 25 °C.
The resulting solutions were filtered through 0.45 um PTFE membranes (Agilent Tech-
nologies, Santa Clara, CA, USA) and transferred into 2 mL Eppendorf tubes. Lactose (Le)
and Organic acid (OA) extracts were preserved at 4 °C and analyzed within 15 days to
avoid degradation. To minimize analyte degradation and ensure consistency across all
extracts, the procedures were carried out using freshly prepared reagents. Extractions were
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performed under chilled conditions, and the contact time with Carrez and TCA solutions
was standardized to reduce variability caused by exposure duration.

For HPLC analysis, L. and OA. were transferred to HPLC vials and identified follow-
ing the procedure described by Picque et al. (1993) with some modifications [24]. Vials
were injected in an Agilent 1200 series system (Agilent Technologies, Santa Clara, CA,
USA) equipped with a refractive index detector (RID) with an optical temperature of 30 °C
for lactose (Lac), and a diode array detector (DAD) for (LA), propionic (PA), and butyric
(BA) acids. A Zorbax Eclipse XBD-C18 column (4.6 x 150 mm, 5 um, Agilent, Santa Clara,
CA, USA) maintained at 50 °C was used to separate the compounds with an isocratic
flow rate of 1 mL/min of the mobile phase (5 mM sulfuric acid) for 15 min. A constant
injection volume of 10 puL was used for all analytes and standards. Identification of Lac-
tose (Lac) was based on the retention time and RID spectral comparison with 10 g/L of
standard (SIGMA-Aldrich, St. Louis, MO, USA). Lactic acid (LA), propionic acid (PA), and
butyric acid (BA) were identified by comparing their UV-Vis spectra and retention times
with certified reference standards: LA (40 g/L), PA (20 g/L), and BA (20 g/L), all from
SIGMA-Aldrich (St. Louis, MO, USA). The quantification of Lac was based on the peak
integration of RID signals, whereas organic acids were quantified by integrating the peak
area at 210 nm. Calibration curves were prepared for each compound obtaining R? values
of 0.9997 for Lac, 0.9952 for LA, 0.9962 for PA, and 0.9762 for BA. Results were presented as
the percentage of lactose and organic acids in 100 mL of milk added with IM.

2.7. Riboflavin Extraction and Quantification

Riboflavin (vitamin By) extraction and quantification were performed according to
the procedure of Albald-Hurtado et al. (1997) and Gliszczyniska-Swiglo and Koziolowa
(2000) with some modifications [25,26]. Milks with PEF-IMOPT and C-IM (1050 uL) were
transferred to 50 mL centrifuge tubes and blended with 0.1 g of trichloroacetic acid (TCA,
SIGMA-Aldrich, St. Louis, MO, USA). The mixture was agitated on a magnetic stirring
plate (CIMAREC) for 10 min and then centrifuged at 1250 x g for 10 min (MULTIFUGE XI1R,
Thermo Scientific, Waltham, MA, USA). After collecting the supernatant, the remaining
pellet was re-extracted adding 300 pL of 4% TCA, stirred (10 min), and centrifuged under
the same conditions. The solid phase was discarded, and both supernatants were combined
in a 2 mL amber Eppendorf tube, adjusting the volume with 4% TCA. The extract was
passed through a 0.45 um PTEFE filter (Agilent Technologies, GER, Santa Clara, CA, USA)
and kept in amber vials (4 °C) until it was analyzed. Throughout the extraction and
filtration steps, ambient light exposure was minimized by covering the centrifuge tubes
with aluminum foil.

Riboflavin analysis was conducted in an Agilent 1200 series HPLC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a fluorescence detector (FLD) set
at 35 °C. Separation of riboflavin was performed by injecting 20 uL of riboflavin extract
into the system, using a Tracer Spherisorb ODS2-C18 column (4.6 x 250 mm, 5 um, Agi-
lent, Santa Clara, CA, USA) set at room temperature (25 °C), with an isocratic elution of
0.7 mL/min of the mobile phase during a 20 min runtime. The mobile phase was prepared
by first dissolving 1.8 g of octane sulfonic acid (OSA, SIGMA-Aldrich, St. Louis, MO, USA)
in 800 mL of double-distilled water. Then, 24 mL of glacial acetic acid (MEYER, Mexico
City, Mexico) and 5 mL of triethylamine (SIGMA-Aldrich, St. Louis, MO, USA) were added
to the solution, which was thoroughly mixed. The pH was adjusted to 3.6 £ 0.1 using either
glacial acetic acid to lower the pH or triethylamine to raise it, depending on the initial
value. Once the target pH was achieved, 150 mL of LC-grade methanol (SIGMA-Aldrich,
St. Louis, MO, USA) was added. The solution was mixed again and volumetrically filled to
one liter with double-distilled water. Finally, it was filtered using a 0.45 um membrane.
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Riboflavin identification was conducted by comparing the retention time and fluores-
cence signal with those of the standard solution (100 mg/L riboflavin, SIGMA-Aldrich,
GER, St. Louis, MO, USA), which was prepared in aqueous acetic acid (2.4%, v/v). Quantifi-
cation was performed by integrating the areas of the obtained peaks at 450 nm (excitation
wavelength) and 525 nm (emission wavelength). Data were compared to a calibration
curve, which showed a correlation coefficient of R? = 0.9811. The riboflavin content was
reported in percentage per 100 mL of milk containing IM.

2.8. Statistical Analysis

PEF experiments were carried out in duplicate, and each treatment was analyzed
in triplicate. Statistical differences between group means were evaluated using Tukey’s
post-hoc test and an independent Student’s t-test. A significance threshold of p < 0.05 was
applied to determine significant differences between treatments. All statistical evaluations
were conducted using Minitab software (Minitab, LLC, State College, PA, USA, Version
19.2020.10).

3. Results and Discussion

3.1. Effect of PEF Treatment on Fermentation Process
3.1.1. Fermentation Time

A progressive pH decline from 6.63 & 0.01 (0 h) to 4.48 £ 0.01 was observed during the
fermentation process of milk with C-IM. The cut-off pH (4.7) was reached at 5.9 & 0.07 h in
C-IMO0.5 and at 5.4 £ 0.18 h for C-IM2.8. These fermentation time are within the typical
yogurt fermentation time range (5.0s-6.5 h) reported by other authors [11,27]. The observed
changes in pH are associated with the consumption of fermentable carbohydrates, mainly
lactose, by the LAB during fermentation [24].

As shown in Figure 1, milks with PEF-IM (0.5 and 2.8% fat content) at different
treatment times exhibited a reduction in fermentation time compared to milk with C-
IM. A longer PEF treatment time consistently resulted in a shorter fermentation time,
regardless of milk fat content. According to Miranda-Mejia et al. (2024) and Chanos et al.
(2020), this effect might be attributed to the reversible electroporation in LAB induced
by the PEF processing at low electric field intensity (1 kV/cm) for long treatment times,
enhancing cell membrane permeability [11,15]. This mechanism may facilitate the lactose
uptake of microorganisms from the media, converting it to lactic acid and accelerating LAB
metabolism [28]. Although post-treatment microbial viability was not directly quantified,
the accelerated acidification and reduction in fermentation time observed in milks with PEF-
IM suggest that the LAB remained functionally active and that PEFs may have enhanced
their metabolic performance. These results are in agreement with previous studies reporting
that low-intensity PEFs (1-3 kV/cm) can stimulate LAB through reversible electroporation,
increasing nutrient transport and promoting lactic acid production without compromising
cell viability [16,29]. In addition to electroporation, a sublethal cellular stress response might
be triggered during PEF processing, stimulating the metabolic activity of LAB, shortening
the lag phase, and enhancing acidification. Therefore, the combination of membrane
permeabilization and controlled stress induction at 1 kV/cm appeared to enhance lactose
metabolism and lactic acid production by the LAB during fermentation [15,30].
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Fermentation time (h)

Treatment time (us)

Figure 1. Fermentation time (h) of milk with PEF treated inoculum (PEF-IM) at different treatment
times (800, 1200, and 1600 ps) having milk with untreated inoculum (C-IM) as control (0 ps, gray bars).
Dotted-patterned bars correspond to milk with 0.5% fat content, and solid bars to milk with 2.8%
fat content. A, B indicate significant differences (p < 0.05) between matrices at the same treatment
time. * indicates significant differences (p < 0.05) within the same matrix at different treatment times.
Treatment codes correspond to those listed in Table 1.

Interestingly, milk with PEF-IMO0.5 resulted in a longer fermentation time compared to
milk with PEF-IM2.8, irrespective of the processing time. This trend could be explained by
the higher concentration of phospholipids, lipophilic vitamins, and other bioactive lipids in
milk with a higher fat content (2.8%), which might protect LAB and contribute to membrane
stabilization, improving microbial tolerance to PEF-induced stress [31,32]. In contrast, milk
with a lower fat content (0.5%) lacks these protective compounds, which may limit bacterial
adaptation, particularly under longer treatments. Despite these compositional differences,
both inoculated milk matrices were added with the same concentration of starter culture,
achieving an initial bacterial population of ~2.4 x 10° CFU/mL. This indicates that milk
fat content did not influence the initial microbial viability before PEF application. This
is consistent with previous studies reporting that variations in milk fat content do not
significantly alter the initial survival counts of starter cultures when inoculated at fixed
proportions, especially in UHT milk systems [5,33,34]. Therefore, the differences observed
during the fermentation of milk with PEF-IM could be attributed to the matrix-dependent
response to electroporation and conductivity properties, rather than the initial microbial
load. Notably, electrical conductivity differed significantly between matrices. IM with 2.8%
fat content exhibited a moderate conductivity (~18.5 mS/cm), whereas IM with 0.5% fat
content showed higher values (~22.9 mS/cm). While moderate conductivity enhances
electric field propagation and electroporation efficiency, excessively high conductivity may
lead to energy dispersion and localized overheating, potentially compromising microbial
performance [28].

Among all evaluated conditions, IM with 2.8% fat content, PEF-treated with pulses
of 8 pus at 1 kV/cm during 1600 ps and 10 Hz (PEF-IM2.8-1600) was the most effective
treatment, resulting in the greatest fermentation time reduction (20.4 min). These findings
confirm that the interaction between PEF parameters, milk fat content, and conductivity
plays a critical role in enhancing fermentation kinetics through synergistic effects on LAB
metabolic performance.
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Soluble solids ("Bx)

3.1.2. Changes in Soluble Solids, Lactose, and Organic Acids During Fermentation as
Affected by PEFopT

Soluble Solids

Changes in soluble solids (Brix) during the fermentation of milk with PEF-IMopr
and its corresponding C-IM are presented in Figure 2. During the first 2 h, soluble solids
remained constant at approximately 27 °Brix in both milks with PEF-IMopr and C-IM,
which is the initial soluble solid content of whole milk (2.8% fat content). Between hours 2
and 4, a clear decrease in soluble solids was observed, especially in milk with PEF-IMgpr.
In this period, the soluble solids dropped from 27.0 to 23.0 in milk with PEF-IMopr, while
in the milk with C-IM, they decreased slightly, from 27.1 to 26.4. These differences suggest
that PEF enhanced the activity of LAB, possibly by improving membrane permeability
and promoting faster sugar uptake [11,13]. From hour 4 onward, the values stabilized
around 21 °Brix in both milks with PEF-IMgppr and C-IM. This result indicates that PEFs
influenced the rate at which sugars were consumed, particularly during the early stages of
fermentation, without altering the final soluble solids level [16,29].

— PEF-IM

Fermentation time (h)

Figure 2. Soluble solids (°Brix) values during fermentation of milk with inoculum treated with PEF
at optimal conditions (PEF-IMppt) and untreated inoculum (C-IM). * corresponds to a statistical
difference (p < 0.05) between milk with C-IM and PEF-IMopr.

Lactose and Organic Acids

The lactose concentration showed a gradual decline during fermentation in milk
supplemented with PEF-IMgopt, with the most pronounced reduction occurring during
the first 2 h (Figure 3A). At both 2 and 4 h, lactose content in milk with PEF-IMppt was
significantly lower by approximately 1.6 to 3.1% than in the milk with C-IM, indicating
a faster substrate consumption of LAB during the early phase of fermentation. This
suggests that PEF treatment to IM before the fermentation stage enhanced the metabolic
activity of LAB, likely by increasing membrane permeability and stimulating nutrient
transport systems, as previously reported [13]. From hour 4 onwards, lactose concentrations
stabilized in both milks, with PEF-IMppt and C-IM, indicating that most of the lactose
transformation reactions occurred during the early fermentation phase. These results
support the hypothesis that low-intensity PEFs accelerate the rate but not the extent of
carbohydrate utilization, promoting a faster transition through the exponential growth
phase of LAB. The accelerated lactose depletion observed in milk with PEF-IM could be
linked to PEF effects on enzymatic activity. Although the precise molecular mechanisms
remain under investigation, it has been proposed that PEFs may enhance the function of
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lactose permeases (LacS) and (3-galactosidase (LacZ), facilitating more efficient substrate
uptake and hydrolysis during early fermentation [35]. Consistently, previous studies have
shown that PEF treatment enhanced enzymatic activity and acid production in L. bulgaricus
without compromising cell viability [29].
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Figure 3. Changes in lactose (A) and lactic acid (B) concentration of milk with PEF treated IM at
optimal conditions (PEF-IMppt) and untreated inoculum (C-IM) during fermentation. * corresponds
to a statistical difference (p < 0.05) between the CIM and PEF-IMopr.

As expected, LA concentrations increased progressively throughout fermentation in
milk supplemented with PEF-IMgpr and C-IM (Figure 3B). At 2 and 6 h of fermentation,
milk with PEF-IMgppt exhibited significantly higher LA content than milk supplemented
with C-IM, which was 11% higher at 2 h and 7.2% higher at 6 h (p < 0.05), indicating
that low-intensity PEF treatment enhanced early metabolic activity of LAB and sustained
acid production until the end of fermentation. These results align with the reduction
observed in total soluble solids and pH, suggesting an accelerated onset of carbohydrate
metabolism [11]. Interestingly, at the 4th hour of fermentation, LA concentration in milk
with C-IM was 10.3% higher than in the milk supplemented with PEF-IMopr (p < 0.05). This
transient drop in LA accumulation in the milk with PEF-IM may reflect a brief physiological
adjustment of the LAB following PEF exposure. Previous studies have shown that reversible
electroporation induced by low-intensity PEF can temporarily alter membrane permeability,
potentially disrupting intracellular processes such as acid synthesis [29,36]. However, the
increased LA content in milk with PEF-IMopr by 6 h suggests that the LAB successfully
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adapted to this transient stress and re-established their acidification capacity. A comparable
recovery pattern has been observed, indicating that the metabolic activity of LAB can
normalize after an initial lag period post-PEF [16]. Likewise, previous studies have reported
increased acidification rates and enzymatic activity in L. bulgaricus after PEF exposure, along
with a faster pH drop and greater LA accumulation in yogurt fermented with PEF-treated
cultures [11,29].

Moreover, no traces of propionic or butyric acids were detected in either milk with
PEF-IMopt or milk with C-IM throughout fermentation. This indicates that the starter
cultures exhibited selective metabolic activity favoring lactic acid production, with no signs
of contamination by undesirable bacteria. The lack of these organic acids is considered
favorable, as they are often associated with off-flavors such as rancid, bitter, or pungent
notes in dairy products [37-39]. These findings suggest that PEFs enhance lactic acid
production without altering the profile of secondary organic acids, as supported by previous
reports [11].

Riboflavin

Riboflavin (vitamin By) was evaluated during fermentation in milks with PEF-IMopr
and C-IM to monitor how riboflavin concentration changed as a potential response of LAB
to PEFs. Figure 4 presents the concentration of riboflavin in both milks with PEF-IMopt
and C-IM at 0, 2, 4, and 6 h of fermentation. A noticeable decrease in riboflavin content was
observed between 2 and 4 h of fermentation in both milks, being 17% lower in milk with
PEF-IMopt compared to milk with C-IM at hour 2. After this drop, riboflavin concentrations
stabilized by hour 6, with no significant differences between the two inoculated milks.
These findings suggest that PEFs did not affect the final riboflavin content in the obtained
yogurt but may have transiently influenced its concentration during the early fermentation
phase [40,41].
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Figure 4. Changes in riboflavin concentration in milk with PEF-treated inoculum at optimal conditions
(PEF-IMppr) and untreated inoculum (C-IM) during fermentation. * corresponds to a statistical
difference (p < 0.05) between the C-IM and PEF-IMopr.

The temporary decrease in riboflavin content on milk supplemented with PEF-IMopr
may be explained by the reversible electroporation effect induced by low-intensity PEFs,
which increases membrane permeability in LAB, potentially enhancing the uptake of extra-
cellular compounds such as riboflavin [40,41]. Additionally, some studies have shown that
the metabolic change in riboflavin depends on the strain-specific behavior of LAB. During
fermentation, some strains can synthesize riboflavin de novo, while others can uptake it
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directly from the media depending on their genetic makeup and physiological state [7,42].
Given the observed reduction in riboflavin concentration in milk with PEF-IMqpr at the
2nd hour of fermentation, it is possible that the LAB strains from the starter culture used it
as a nutrient for fermentation reactions, especially under PEF-induced stress. By the end
of fermentation, the stabilization of riboflavin content in both milks with PEF-treated or
untreated IM confirmed that PEF application did not negatively compromise the vitamin’s
final concentration in the obtained yogurt. Rather than altering the nutritional quality of the
product, PEFs may transiently affect vitamin availability during early microbial adaptation,
highlighting the complexity of microbial responses to non-thermal technologies such as
PEFs [16,40,41].

Although this study provides insights into the effects of PEFs on vitamin dynamics
during fermentation, comprehensive evaluations of the combined impact of PEFs and milk
composition remain limited and, to the best of the authors” knowledge, there is not related
information available in the literature. Hence, PEF effects on microbial vitamin uptake
mechanisms and its interaction with matrix components in dairy systems warrant further
investigation.

4. Conclusions

This study demonstrates that PEF treatment applied for a longer time to IM with 2.8%
fat content significantly reduced the fermentation time of inoculated milk compared to a
conventional process. Adding PEF-IM treated at 1 kV/cm for 1600 us to the milk showed the
greatest effect, reaching the cut-off pH (4.7) to obtain yogurt up to 20.4 min earlier than milk
with untreated IM. The reduction in fermentation time on milk with PEF-IM was associated
with enhanced LAB metabolic activity, likely due to induced membrane permeability
leading to a faster lactose depletion and lactic acid accumulation. Furthermore, moderate
conductivity values (~18.5 mS/cm) of treated media could promote a uniform electric
field propagation during PEF processing, improving the electroporation effect. Although
riboflavin levels showed a temporary decline during early fermentation in milk with PEF-
IM, final concentrations remained stable, confirming that PEFs preserved the nutritional
quality of the obtained yogurt. Overall, low-intensity PEFs demonstrated potential as
a viable non-thermal strategy to improve yogurt process efficiency by accelerating milk
fermentation without adversely affecting the physicochemical characteristics and vitamin
content of the obtained yogurt. Further studies are needed to deepen our understanding of
the microbial response to PEFs and to evaluate its scalability for industrial applications.
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Abbreviations

The following abbreviations are used in this manuscript:

PEF pulsed electric fields

M inoculum suspended in milk

PEF-IM PEF-treated IM

C-IM untreated-IM, as control

LAB lactic acid bacteria

IM-0.5 inoculum suspended in milk with 0.5% fat content

IM-2.8 inoculum suspended in milk with 2.8% fat content

PEF-IMOPT  PEF-IM at optimum conditions

MRS de Man-Rogosa-Sharpe

t treatment times

CFU/mL colony forming units per milliliter

Le lactose extracts

OAe organic acid extracts

RID refractive index detector

Lac lactose

DAD diode array detector

LA lactic acid

PA propionic acid

BA butyric acid

HPLC high-performance liquid chromatography

TCA trichloroacetic acid

FLD fluorescence detector

OSA octane sulfonic acid

C-IM0.5 untreated-IM, as control with 0.5% fat content

C-IM2.8 untreated-IM, as control with 2.8% fat content
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Abstract: This study investigated the effects of pulsed electric field (PEF) treatment on
the peeling efficiency and textural properties of whiteleg shrimp (Litopenaeus vannamei).
Shrimp samples were treated at field strengths of 0, 1.0, 1.5, and 2.0 kV/cm to assess PEF
impact on peeling force, incomplete peeling percentage, and texture profile. The results
showed that PEF treatment significantly reduced the peeling force from 50.88 N in controls
to 42.99 N at 2.0 kV/cm, while the percentage of incompletely peeled shrimp decreased
from 27.5% to 15.9%. Texture profile analysis indicated that PEF treatment had no impact on
the key properties of hardness and chewiness (no significant difference), with a reduction in
springiness observed at higher field strengths. Improvements in peelability are attributed
to electroporation, which disrupts collagen in the connective tissue between the shrimp
shell and muscle. These findings indicate that PEF treatment is an efficient, non-thermal
method for enhancing shrimp peeling processes while preserving textural integrity. PEF
technology offers a promising alternative to traditional mechanical and thermal methods
in the seafood processing industry.

Keywords: pulsed electric field; shrimp peeling; texture analysis; electroporation;
non-thermal processing

1. Introduction

The whiteleg shrimp (Litopenaeus vannamei) is one of the most widely consumed
seafoods globally, valued for its high content of amino acids, polyunsaturated fatty acids,
and other essential nutrients [1]. The Global Shrimp Aquaculture Production Survey
projected a 4.8 percent growth in world farmed shrimp production in 2024, reaching
approximately 5.88 million metric tons [2]. Growing consumer demand for convenient and
ready-to-eat seafood products has driven rapid expansion in the shrimp processing industry,
which now represents approximately 45% of the global seafood processing market [3]. A
significant portion of this market is linked with peeled shrimp, a product that requires
efficient and effective processing methods [4].

Shrimp peeling presents several challenges due to the tight attachment of the shell
to the muscle by connective fibers, making shell removal a labor-intensive process. Tra-
ditionally, shrimp are peeled either manually or mechanically, both of which can lead to
substantial shrimp meat loss and high labor costs [5]. To improve efficiency and reduce
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waste, the seafood industry has explored the innovative techniques of high-pressure pro-
cessing (HPP), ultrasound, and enzymatic treatments [6,7], with each method aiming to
loosen the shell while preserving the texture and quality of the shrimp meat.

HPP has been effective in loosening shrimp shells through changes in the structure of
collagen in the shrimp epidermis. This leads to easier peeling but may affect the textural
properties of the meat [6,8]. Ultrasound technology uses high-frequency sound waves
to induce cavitation to loosen the shrimp shell by creating small pores and facilitating
mass transfer between the muscle and shell; however, while effective, ultrasound may
also impact the integrity of the shrimp meat if not properly controlled [7]. Enzymatic
treatments break down proteins in the attachment fibers, allowing the shell to be removed
with minimal mechanical force [9]; however, the widespread use of enzymes in the seafood
industry is limited by cost and a potential impact on the sensory qualities of shrimp.

In recent years, pulsed electric field (PEF) technology has emerged as a promising
non-thermal method for food processing [10-12]. The PEF method applies short bursts
of a high-intensity electric field to food products, causing electroporation, which creates
pores in cell membranes and facilitates mass transfer without significantly affecting the
enzymatic or structural integrity of the food [13]. PEF technology has been successfully
applied to fruits and vegetables, where it aids in drying, extraction, and peeling [11]. For
example, PEF technology has been used to enhance the peeling of tomatoes and peaches
while reducing mechanical damage and improving processing efficiency [10]. However, its
application in seafood, particularly in shrimp processing, remains relatively unexplored.
Most studies have focused on plant-based foods, and no significant investigations have
been conducted on the application of the PEF method in shrimp peeling [14]. The present
study aims to fill this gap by exploring the effects of the PEF method on the peeling and
quality characteristics of whiteleg shrimp.

2. Materials and Methods
2.1. Shrimp Preparation

Live whiteleg shrimp (Litopenaeus vannamei) measuring 16-18 cm in length and weigh-
ing 40-60 shrimp per kg were sourced from an indoor aquaculture facility, Freshrim
(Ansan-5Si, Republic of Korea). Upon harvesting, shrimp were immediately packed in ice
and transported to the laboratory within 1 h to ensure freshness. Upon arrival, shrimp were
thoroughly washed with cold water to remove impurities, and excess water was drained.
Shrimp were prepared for experiment within 1 h of arrival by removing legs and excising
two segments from the first abdominal section. This preparation step was performed to
ensure uniformity across all samples used for PEF treatment and subsequent analysis.

2.2. PEF Treatment

PEF treatment was administered using a 5 kW pulse generator (HVP-5, DIL, Quaken-
bruck, Germany) equipped with a batch chamber comprising two parallel electrodes sepa-
rated by an 80 mm gap. Four shrimp abdominal sections were placed in the chamber with
200 mL of tap water as the processing medium. Shrimp samples were subjected to PEF treat-
ment under the following electric field strengths: 0 kV/cm (control); 1.0 kV/cm (PEF_1.0);
1.5kV/em (PEF_1.5); and 2.0 kV/cm (PEF_2.0). The pulse width was maintained at 20 us
with a pulse frequency of 100 Hz, and a total of 500 pulses were applied for each treatment.
A total of 20 shrimp were utilized for each treatment condition, resulting in 40 abdominal
sections (two sections per shrimp). This ensured sufficient replicates for statistical analysis
while maintaining consistency across experimental groups.
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2.3. Measurement of Peelability After PEF Treatment

The peelability of treated shrimp was evaluated using a texture analyzer (TAHDi/500,
TAHD, London, UK) following the methodology described by Dang et al. [7]. A total of
40 shrimp samples were used for this analysis. Briefly, each sample of two abdominal
segments was weighed, affixed to a pin in the probe, and clipped into the texture analyzer
to perform tension tests (Video S1). These tests were designed to quantify the force required
to peel the shrimp shell from the meat. Peeling work was defined as the product of the
force applied (N) and the distance traveled (mm) to remove the shell divided by the weight
of the two segments (g) using Equation (1). The percentage of incompletely peeled shrimp
was calculated as the ratio of the total number of shrimps with shells remaining attached to
the total number of shrimps tested, as shown in Equation (2).

_H
i

W 1)

where W (m]/g) is the peeling work, F (N) is the force required to peel the shrimp shell, 4 (mm)

is the distance required to remove the shell, and mi is the weight of two shrimp segments.
Number of shrimp having any shell attached

Incompletely peeled (%) = Total number of shrimp used for TA peeling x100 @)

2.4. Measurement of Texture Properties of Treated Shrimp

We performed a texture profile analysis (TPA) to determine the texture properties of
the shrimp samples, using a texture analyzer (TAHDi/500, TAHD, UK) as outlined by Lin
et al. [15]. A total of 40 abdominal sections per treatment group, as described in Section 2.2,
were prepared for TPA and cutting force tests. For these tests, 14 sections with nearly
identical sizes were selected to ensure consistency in the cross-sectional area and minimize
variability. Following the peeling process, shrimp abdominal sections were subjected to
TPA using a P/75 probe under controlled conditions with a pre-, test, and post-test speed of
1.0 mm/s, a compression ratio of 50%, and a trigger force of 0.02 N. TPA measured
key texture attributes, including hardness, springiness, and cohesiveness. In addition
to TPA, cutting force was measured using a Warner—Bratzler flat blade attached to the
texture analyzer. The cutting force required to cut through shrimp samples horizontally
was recorded, based on the methodology used by Boonsumrej et al. [16] with minor
modification. The maximum force (N) was measured on 14 shrimp abdominal sections
with a pre-test speed of 5.0 mm/s, a test and post-test speed of 2.0 mm/s, and a trigger
force of 4.9 N.

2.5. Statistical Analysis

All experimental data were analyzed using a one-way analysis of variance (ANOVA).
A significance level of p < 0.05 was applied. Post hoc comparisons were performed using
Duncan’s multiple range test to identify significant differences between treatment groups.
Statistical analyses were conducted using IBM Statistical Package for the Social Science
(SPSS) software version 20 (IBM Corp., Armonk, NY, USA). Results were reported as
means + standard deviations.

3. Results and Discussion
3.1. Effect of PEF on Shrimp Peelability

The effect of PEF treatment on the peelability of shrimp is shown in Figure 1. As
the intensity of the PEF treatment increased, both the peeling force and the percentage of
incompletely peeled shrimp decreased. The peeling force was reduced from 50.88 = 11.7 N in
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Before
Peeling

After
Peeling

the control group to 42.99 + 11.4 N at a PEF strength of 2.0 kV/cm. Similarly, the percentage
of incompletely peeled shrimp decreased from 27.5% in the control group to 15.9% for the PEF
2.0 treatment. Furthermore, PEF treatment had no discernible effect on shrimp appearance
before or after peeling (Figure 2).
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Figure 1. Peeling force (a) and incompletely peeled percentage (b) for shrimp after PEF treatment
with different field strengths (n = 40). The error bar for the peeling force values (a) represents standard
deviation, and letters (a,b) indicate significant differences for each sample (p < 0.05).

Control 1.0 kV/em 1.5 kV/em 2.0 kV/em

Figure 2. Appearance of PEF-treated shrimp before and after peeling. The scale bar of the images is
3 cm.

The improvement in peeling efficiency observed in this study is consistent with
earlier findings that non-thermal HPP and ultrasound treatments can modify the structural
integrity of the connective tissue between the shrimp shell and muscle [4,5]. Collagen, a
major component of this connective tissue, is susceptible to degradation under physical
treatments. In the case of PEF treatment, electroporation likely disrupts collagen fibers
and facilitates easier shell detachment, as reported by Goémez et al. (2019) for other food
matrices undergoing PEF treatment. This mechanism parallels that of ultrasound-induced
vapor cavitation, which generates bubbles within the connective tissue to increase peeling
efficiency [7].
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Notably, results from this study support findings from HPP treatment studies on
shrimp, whereby collagen denaturation at higher pressures significantly enhanced peelabil-
ity [4]. Similarly, previous work by Xu et al. [17] on ice water pretreatment of shrimp found
that the mechanical disruption of muscle fibers under controlled conditions improved shell
removal without compromising product quality. These findings suggest that PEF treat-
ment has a comparable effect by causing minor disruptions in shrimp epidermal collagen,
allowing for easier separation of the shell from the muscle.

3.2. Textural Properties of PEF-Treated Shrimp

Table 1 summarizes the texture profile analysis (TPA) and cutting force results for
shrimp after PEF treatment. No significant differences were found between the control
and PEF-treated samples for hardness, cohesiveness, adhesiveness, gumminess, chewiness,
resilience, or cutting force. However, a notable decrease in springiness was observed as the
intensity of PEF treatment increased. Springiness values decreased by 9.9% at PEF 1.0, 8.7%
at PEF 1.5, and 17.9% at PEF 2.0 compared to controls.

Table 1. Texture profile analysis of shrimp for different PEF strengths.

Field Texture Properties
Strength i
(kV/cgm) Hardness (N) Adhesiveness Springiness Cohesiveness Gumminess Chewiness (N) Resilience Cuttl:\lé)Force
Control 46.49 +8.19? —33.88 +12.122 0.624+0.11° 0.57 +0.12° 26.81 +£7.232 17.39 £8.85° 0.37 +0.07 2 19.54 +2.84°
PEF_1.0 47.37 £5.63 —28.22 £ 6427 0.56 4 0.04 2° 0.50 +0.03 * 23.81 £3.952 13.44 £288* 0.354+0.32 17.70 £1.75¢
PEF_1.5 48.95+7.32? —33.74£17.25? 0.56 +0.13 2 0.54 £0.13? 27.35+11.17%  16.88 +13.58 % 0.35 4 0.06 * 18.84 +2.13%
PEF_2.0 4523 £7.98? —26.31 £ 5.64 0.51 +0.05° 0.51 +£0.03* 23.28 £5.252 12.08 £3.41° 0.36 +0.03 2 20.00 £3.30°

All values are expressed as the mean + standard deviation (n = 14). Different letters (a, b) indicate significant
differences in the same column (p < 0.05).

The reduction in springiness observed in this study may be linked to structural changes
in shrimp muscle fibers caused by electro-permeabilization during PEF treatment. Similar
effects were reported by Gomez et al. [18], who observed that PEF treatment can loosen
muscle fibers and reduce springiness in meat tissues. The extent of electro-permeabilization
depends on the strength of the electric field applied, with higher intensities causing greater
disruption to muscle fibers. This could explain the progressive decrease in springiness with
increasing PEF intensity in this study. However, studies on the PEF treatment of abalone
and turkey breast meat by Arroyo et al. [19] and Luo et al. [20] showed that the protein
structure of muscle fibers was not significantly affected, suggesting that the effect of PEF
treatment on textural properties may vary depending on the particular food matrix. While
springiness was affected by PEF treatment, the lack of significant changes in the textural
parameters of hardness and chewiness is noteworthy for maintaining the sensory quality of
shrimp. Textural properties such as hardness and chewiness are critical factors in consumer
acceptance [17]. Additionally, the cutting force results indicate that PEF-treated shrimp
retained structural integrity, which is beneficial for processing and handling.

The observed phenomena can be attributed to disparities in the chemical composition
of the muscle and shell. The moisture and protein content of shrimp are higher in the muscle
than in the shell, resulting in higher electrical conductivity [21,22]. The lower electrical
conductivity of the shell and its connecting fibers may lead to localized intensification of
the electric field, enhancing the electroporation effect in these regions. This phenomenon
could explain the selective disruption of connective tissue near the shell while the structural
integrity of the deeper muscle layers is preserved. The PEF effect is contingent on the
electrical conductivity of tissues, and lower conductivity increases the electric field strength
under the same energy. In this study, the peel part was positioned horizontally with the
electrode, enabling the pulse energy to act on the peel and subsequently transfer to the
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deeper muscle layers. Consequently, there might be a discrepancy in the PEF effect between
the peel and muscle, which could explain the observed ease of peeling. However, the
effect’s limitations in properties like hardness and cutting force should be noted.

The retention of textural properties such as hardness and chewiness alongside the
improved peeling efficiency ensures that PEF-treated shrimp meet both consumer expec-
tations for quality and industry requirements for processing efficiency. These findings
highlight the efficacy of PEF treatment in enhancing processing efficiency while preserving
critical quality attributes, positioning it as a promising approach for use in the seafood
industry. Future studies should systematically investigate the role of electrical conductivity
and tissue composition in influencing the selective effects of PEF treatment, particularly to
optimize its application across different seafood matrices.

3.3. Mechanism and Industrial Implications

This study demonstrates that PEF treatment enhances shrimp peeling efficiency while
maintaining key textural properties, offering a promising, non-thermal alternative to labor-
intensive conventional methods [5]. Its potential for minimizing meat loss and serving as
a complementary tool to existing peeling methods underscores its value for the shrimp
processing industry by providing energy-efficient and cost-effective solutions.

In comparison with enzymatic and ultrasonic methods, PEF treatment offers the
advantage of being non-thermal, thus preserving the freshness and quality of shrimp. As
reported by Koch et al. [11], non-thermal processing technologies are gaining traction
in the food industry due to their ability to enhance food quality while reducing energy
consumption. For example, PEF treatment has been shown to improve peeling efficiency
in tomatoes and peaches [10]. Its application in seafood offers potential for improving
processing efficiency in this sector.

Additionally, the potential of PEF treatment to preserve the textural properties of
shrimp could address consumer demand for high-quality, minimally processed seafood
products. This is particularly relevant in the context of the growing market for convenience
seafood, where ready-to-eat and easy-to-peel shrimp are highly desired [4]. Furthermore,
the non-invasive nature of PEF treatment could complement existing processing tech-
nologies, such as HPP or enzymatic treatments, offering a more versatile approach to
seafood processing.

Although the current study demonstrates the benefits of PEF treatment in shrimp
processing, further research is needed to optimize PEF conditions for different shrimp sizes
and species. Future studies could investigate synergies between PEF and other non-thermal
technologies, such as ultrasound or cold plasma, to further enhance processing efficiency.
Moreover, investigations into the long-term effects of PEF treatment on shrimp quality
during storage would provide valuable insights for applications in industrial settings.

4. Conclusions

PEF treatment significantly improved the peeling efficiency of whiteleg shrimp by
reducing the percentage of incompletely peeled shrimp and the peeling force required.
Additionally, PEF treatment maintained key textural properties and ensured shrimp quality.
These findings indicate that PEF is an effective, non-thermal method for enhancing shrimp
processing efficiency while maintaining product integrity; however, further investigations
are required to better understand the impact of PEF treatment on shrimp connective tissue
and develop optimized protocols for various shrimp species.

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390/foods14020148/s1, Video S1: Supplementary_Video_Shrimp_Peeling
process.mp4.
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Abstract: The aim of this study was to compare the succession of natural microbiota in pork held
under refrigerated storage for up to 10 days after dielectric barrier discharge (DBD) plasma treat-
ment. Two methods were used to assess the impact of DBD on microorganisms. Firstly, traditional
selective media (SM) were employed to detect the bactericidal effects of DBD on Pseudomonas spp.,
Enterobacteriaceae, Lactic acid bacteria (LAB), and Brochothrix thermosphacta. Secondly, the thin agar
layer (TAL) method was used to further evaluate the bactericidal effects of DBD. In addition, the
Baranyi and Roberts model was applied to explore the kinetic parameters of Pseudomonas spp., Enter-
obacteriaceae, LAB, and B. thermosphacta during storage. Finally, the modified Lotka—Volterra model
was used to describe the interactions between each microorganism. The study found that when using
traditional selective media (SM), 85 kV DBD had a significant bactericidal effect on Pseudomonas spp.,
Enterobacteriaceae, LAB, and Brochothrix thermosphacta. However, when using the thin agar layer (TAL)
method, the results suggested that DBD had no significant bactericidal effect, suggesting that DBD
caused sublethal damage to the natural microorganisms on pork. Analysis with the Baranyi and
Roberts model showed that DBD treatment significantly extended the lag phase of these four types of
microorganisms and significantly reduced the pmax of all microorganisms except LAB. The analysis
results of the modified Lotka—Volterra model showed that LAB had a greater impact on Pseudomonas
spp., Enterobacteriaceae, and B. thermosphacta (ap; > ajp). In conclusion, DBD treatment was shown
to have a significant sublethal bactericidal effect that impacted both the count and composition of

natural microorganisms found on pork.

Keywords: cold plasma; pork; sublethal injury; refrigerated storage; indigenous microbiota populations;
spoilage bacteria interaction; modified culture methods

1. Introduction

Demand for high-quality and safe meat has grown over the past 50 years, and in
response, the production of meat has more than tripled to ~340 million tons per year.
The same trend is apparent for pork, with consumers preferencing its nutritional and
organoleptic properties—although these same properties, its high level of water activity,
and moderate pH make pork highly susceptible to microbial contamination and prolif-
eration [1]. Microorganisms can cause the degradation of proteins, carbohydrates, and
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other physiochemical components of pork and thereby result in the development of mal-
odors, structure/texture degradation, and discoloration [2]. Microorganisms on pork
also represent a potential risk to the consumer, as many microorganisms are associated
with foodborne disease and health complications, and infer a socioeconomic cost when
ingested [3]. For these reasons, consumers are increasingly conscious about food safety
and its processing methods being free from chemical sanitizers and artificial additives.
Non-thermal sterilization technologies should therefore be considered novel methods for
controlling microorganisms on pork and pork products [4].

Cold plasma has emerged as a sanitizing technology with considerable potential in
its application to the preservation of foods [5,6]. Cold plasma is an ionized gas that is
highly energetic and composed of ions, electrons, neutral atoms, and free radicals. Among
the various constituents in cold plasma, the reactive species (reactive oxygen species and
reactive nitrogen species) are regarded as the major agents for plasma-induced bactericidal
effects [7]. It is generally believed that these reactive species, independently or synergisti-
cally, cause the destruction of the cell membrane, the dysfunction of proteins, damage to
DNA, the peroxidation of lipid barriers, and disturbances to cellular homeostasis—actions
that can effectively sterilize a food product [8-10]. Cold plasma devices have low energy
inputs, high sterilization efficiency, and non-toxic residue characteristics, allow for the
good retention of produce quality attributes, and are operated at room temperature [10-13].
These characteristics promote its application in the processing of meat products. Jayasena
et al. [14] reported that exposure to flexible thin-layer cold plasma allowed for the effective
inactivation of pathogens inoculated on beef jerky. Likewise, Moutiq, Misra, Mendonca
and Keener [15] found that exposure to atmospheric cold plasma could decontaminate
chicken breasts and deliver a 2 log CFU /g reduction in microorganism levels. Although
cold plasma has been verified to efficiently inactivate microorganisms, its sublethal effect
on microorganisms should also be considered.

Sublethal injury refers to microorganisms that have been exposed to chemical or phys-
ical stress and are consequentially damaged but not killed, the damage being structural
(i.e., cell morphology, membrane integrity), metabolic (i.e., cellular homeostasis, membrane
potential), or a combination of both [16-18]. Conventional analytical methods used in
food-microbial diagnostics contain a variety of selective compounds that may be harmful to
injured cells and contribute to type II error. On the other hand, under optimal environmen-
tal conditions, the rejuvenation of injured bacteria can increase the risk of underestimating
the microbiological quality and safety of products during storage and distribution [19].
Initially, the inactivation of microorganisms triggered by membrane damage, due to non-
thermal treatment, were deemed ‘all-or-nothing’, which means that cells without sublethal
injury are generated [8]. However, research has demonstrated that cold plasma treatment
could induce reversible cellular damage to microorganisms. Laroussi, Richardson and
Dobbs [20], for example, reported that normal cell functioning is altered upon exposure to
plasma and may return after a period of recovery, demonstrating reversible damage in cells
exposed to plasma. Critzer, Kelly-Wintenberg, South and Golden [21] also found that the
recovery of plasma-treated Salmonella on a selective medium (SM, xylose lysine tergitol-4
agar) was poorer than its recovery on the non-selective medium (TSAN). Microorganisms
with sublethal injury often lose the ability to form visible colonies on a selective medium
(SM), but they may recover and subsequently reproduce on a non-selective medium. This is
important as previous research shows that cold plasma treatment can induce the sublethal
injury of microorganisms [16,22-24]. Most of these studies have investigated microor-
ganisms in vitro or via an inoculated food matrix. Furthermore, the sublethal effect of
cold plasma on indigenous microorganisms of food remains to be understood—specially,
there is limited information on the dynamic changes in the microbial communities of
cold-plasma-treated pork held under refrigerated storage conditions and in modified-
atmosphere packaging [25].

This study aimed to compare the effect of dielectric barrier discharge (DBD) plasma
treatment on the indigenous microorganisms of pork during its refrigerated storage. The
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sublethal effects of plasma treatment on microorganisms were examined using the SM
and thin agar layer (TAL) culture methods. The kinetics parameters of the indigenous
microorganisms were determined using a modified Baranyi and Roberts model, and the
antagonistic activities among different microorganisms were explored using a modified
Lotka—Volterra model.

2. Materials and Methods
2.1. Meat Sample Preparation

Figure 1 provides a schematic diagram of the experimental factors applied to each
of the three replicates (chronological repeats). Within each replicate, three M. longissimus
thoracis et lumborum (LTL, average weight: 6.5 kg) were purchased from a commercial retail
outlet (Suguo Supermarket Co., Ltd., Nanjing, China). These were refrigerated overnight
at 4 °C before trimming under aseptic conditions to remove all the external fat. From
each LTL (216 per replicate), a total of 72 sample cores (weight: ~50 g, thickness: 2.0 cm,
diameter: 5.5 cm) were prepared, under aseptic conditions and using a hollow stainless-
steel cylinder. These 72 sample cores were randomly allocated into groups of 4, which
were packaged together (18 trays per LTL) in a polypropylene tray (HS-6; Shanghai Chuo
Kagaku Co., Ltd., Shanghai, China). The trays were flushed with an 80% O, and 20% N gas
mixture and heat sealed with polyamide/polyethylene barrier film (oxygen transmission
rate of 3 cm®/m?/24 h) using a modified-atmosphere packaging machine (Senrui H360,
Suzhou Senrui Fresh Keeping Equipment Co., Ltd., Suzhou, China). The in-pack gas
compositions were verified with a gas analyzer (Check Point-Handheld Gas Analyzer,
Ringsted, Denmark); the headspace compositions were found to be 80.1 & 2.3% O,, and
19.9 £ 2.4% Nj. All the sealed trays were placed in a refrigerated room for 2 h, utilizing the
RH/Temp data logger R-4HC to ensure that in-pack relative humidity could stabilize at
>80% (Elitech Inc., Fujian, China).

Within the replicates (54 trays per replicate) and balanced by LTL (18 trays per LTL),
3 trays were randomly allocated to each combination of 3 DBD treatments (0 kV (control)
60 kV, or 85 kV DBD) and 6 storage periods (0, 2, 4, 6, 8, or 10 days). The DBD treatments
were applied using a DBD plasma system comprising a BK-130, step-up transformer (Phenix
Technologies, Accident, MD, USA), two aluminum cyclic annular electrodes (150 mm
diameter), and two dielectric barriers layers (polypropylene sheets). The trays were placed
in the discharge area between two dielectric barriers and, when appropriate, treated for
60 s. The trays were stored at 4 °C for the duration of their storage period.

SAMPLE DISSECTION ~ MODIFIED ATMOSPHERE PACKAGING
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Figure 1. A schematic diagram of the experimental design used for the cold plasma treatment of pork
samples held under refrigerated storage for up to 10 days, post-treatment. After the meat is trimmed,
it undergoes modified-atmosphere packaging (MAP) with a composition of (80% O, and 20% N5).
Following the MAP, the products are treated with plasma at different voltages. The treated samples
are then stored and sampled at various points for microbial analysis.
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2.2. Microbiological Analysis

As separate batches, 4 sample cores per tray were minced together under aseptic condi-
tions. From this preparation, 25 g of minced meat was weighed and aseptically transferred
into a sterile stomacher bag with 225 mL of sterile 0.1% peptone PBS solution, and then
blended with a BagMixer® 400 stomacher (Interscience Ind., Puycapel, France) for 2 min.
The resulting suspension was serially diluted with 0.1% peptone PBS (Phosphate-Buffered
Saline) solution. To enumerate the non-injured cells, 100 uL aliquots were spread on the fol-
lowing agars: (1) Tryptic Soy Agar (TSA, Hope Bio-Technology Co., Ltd., Qingdao, China)
incubated at 37 °C for 48 h, for the enumeration of viable aerobic flora; (2) Pseudomonas
Cetrimide-Fusidin-Cephaloridine Selective Agar (CFC, Hope Bio-Technology Co. Ltd.,
Qingdao, China) incubated at 25 °C for 48 h, for the enumeration of Pseudomonas spp.;
(3) Violet Red Bile Glucose Agar (VRBGA, Hope Bio-Technology Co., Ltd., Qingdao, China)
incubated at 37 °C for 48 h, for the enumeration of Enterobacteriaceae; (4) De Man-Rogosa-
Sharpe Agar (MRS, Hope Bio-Technology Co., Ltd., Qingdao, China) incubated at 30 °C
for 48 h, for the enumeration of LAB; and (5) Streptomycin Sulphate Thallous Acetate
cycloheximide (actidione) Agar (STAA, Hope Bio-Technology Co., Ltd., Qingdao, China)
incubated at 25 °C for 48 h, for the enumeration of B. thermosphacta.

To enumerate the total cells, i.e., both injured and non-injured cells, on pork, the TAL
method was employed [26]. The TAL method involves usinh a selective medium (SM)
overlaid by a non-selective medium. Here, 14 mL (7 mL/7 mL; two times overlay) of melted
tryptic Soy Agar was overlaid onto 25 mL of a pre-poured and solidified specific selective
medium. The injured cells can resuscitate and grow on top layer (TSA) within the first
few hours of incubation; then, the selective agents from the bottom layer (specific selective
medium) can diffuse to the TSA layer and the resuscitated target cells can react with the
selective agents to develop typical reactions, while other cells are inhibited by the selective
agents [27,28]. Aliquots of 1000 or 100 uL were directly spread onto the TAL medium and
incubated at corresponding conditions before counting the colonies. The sublethal ratios of
bacteria after being exposed to DBD plasma were calculated as per Equation (1):

counts on TAL medium — counts on selective medium

)

Sublethal ratio (%) = counts on TAL medium

2.3. Modeling Growth Kinetics

To model growth kinetics of bacteria growth on pork during storage, the Baranyi and
Roberts model [29] was applied (Equation (2)):
eHmaxXA(t) —1
Y = Yo + Bmax X A(t) —In 1+m 2
where yy is the cell concentration in log;g CFU/g at time t, y( represents the initial cell
concentration; ymax is the maximum cell concentration; pmax is the maximum specific
growth rate in log;g CFU/d; A(t) is the lag phase described by Equation (3):

Alt) =t+ ‘17 X ln(efVXt +e o — e(*"”’hﬂ)) 3)

where vis the rate of increase in the limiting substrate, assumed to be equal to {may; hg is the
product of max and A; A is the lag phase duration and represents the cells” adjustment to
the new environment [30]. The goodness of fit for the data was evaluated via the coefficient
of determination (R?) and standard error of fit (SE of Fit), which was provided by DMFit.
The generation time was calculated in accordance with Reid et al. [31], and the calcu-
lation is described in Equation (4):
G- —*'1 4)
3.3 x logf,
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where G = generation time, t = time interval in days, b = number of bacteria at the end of t,
and B = number of bacteria at the beginning of t.

2.4. Modified Lotka—Volterra Model

The modified Lotka—Volterra competition model is valuable in predictive microbi-
ology for analyzing mixed microbial populations in homogeneous food products [32].
This is a straightforward model which can be represented using the following equations,
Equations (5) and (6):

dNa Qa Na
—_— = —Nj — N
dt HmaxA 1+ QA X N X (NmaxA A — XAB B) ®)
dNg Qg Ng
—_— = X x (N — Ng — N 6
dt HmaxB 1+ Qg Nomaxb ( maxB B — XBA A) (6)

where N represent the quantities of colonies, pmax represents the maximum specific growth
rate, Q represent the physiological state of the cell, Nyax represents the maximum popula-
tion density and aap is a coefficient of interaction measuring the effects of cell B on cell
A. At an interval [ti_1, t;], the model could be described using the following equations,
Equations (7) and (8) [33,34]:

InNa; — InNaj_1 = HmaxA X Qa X (t —t_ 1 A / NA _ HmaxA*AB / Np (t)dt (7)
1+ QA maxA NmaxA i—1
QB HmaxB / i HmaxB X¥BA / i
InNg; — InNg;_1 = t—t_1) — Ng(t)dt — ———— N (t)dt 8
NINB;j NnINB;—1 HmaxB X 1+Qg X (1 i 1) NomaxB X 1 B( ) N Jio1 A( ) 8)

where N represents the quantities of colonies, pmax represents the maximum specific
growth rate, Q represents the physiological state of the cell, Nmax represents the maximum
population density and «ap is a coefficient of interaction measuring the effects of cell B on
cell A.

2.5. Statistical Analysis

Data were analyzed in SPSS (Version 20.0, SPSS, New York, NY, USA) using multiple
one-way analysis of variance (ANOVA) and general linear regression (GLM) models. DBD
treatment, storage period, culture methods, and their interactions were fitted as fixed
effects, and a replicate was fitted as a random effect. Duncan’s multiple-range tests were
applied to identify means of significant difference. The level of significance was set at 5%
(p <0.05).

The performance of models was evaluated by using the coefficient of determination
(R?) and standard error of fit (SE of Fit). Generally, the closer R? (Equation (9)) gets to 1,
the higher the fitting degree of the equation. The SE of Fit (Equation (10)) quantifies the
accuracy or precision of how well a mathematical model fits the observed data. It provides
information about how closely the predicted values from the model align with the actual
measurements. Essentially, a smaller SE of Fit indicates a better fit of the model to the data.

Yt (Yo - Yp)2
Y (Yo — Vi)

2
SE of Fit = J M (10)

R?=1- ©9)

n—f

where n is the number of observed points, f is the number of parameters estimated in the
model, y, and yy, represent the observed value and predicted value, and yr, represents the
mean values of all samples at each detection point.
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3. Results and Discussion
3.1. Variations in the Total Viable Counts of DBD-Treated Pork During Refrigerated Storage

The objective of the microbiological analysis was to quantify the sublethal and lethal
effect of DBD treatment on the indigenous microbiota population in the pork samples. The
corresponding growth curves for TVC on pork during storage are presented in Figure 2.
These show that, between Day 2 and Day 10 of the storage period, TVC was significant
lower for the DBD-treated pork, and that an increase in DBD voltage led to more prominent
inhibitory effects on the growth and reproduction of microorganisms. The TVC for the
control, 60 kV, and 85 kV DBD-treated samples were 7.8, 7.0 and 5.4 log CFU /g, respectively,
on Day 8 of the storage period. It is widely acknowledged that ROS and RNS, generated
from cold plasma discharge, play a key role in the bactericidal effect of this non-thermal
sterilization technology [35-37]. Under a higher voltage, the concentrations of ROS and
RNS are also higher [38], meaning their bactericidal efficacy is increased. This outcome is
the result of reactive species altering the permeability of the microorganism’s cell mem-
branes and causing the oxidation of intracellular biomacromolecules [10,39]. However,
differences between the TVC of control and DBD-treated samples were not observed at Day
0, confirming the results of Huang et al. [22] and Wang, Zhuang, Lawrence and Zhang [40].
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Figure 2. Total viable counts obtained for the pork loins exposed to different DBD treatments and
held under refrigerated storage for up to 10 days (post-treatment). Plotted means (standard error
shown as error bars) were calculated using the Baranyi and Roberts Model [41].

The rough surface of meat can provide protective sites for bacteria to evade bactericidal
treatments [42]. Microorganisms could migrate from the surface to depths up to 140 pm,
through feather follicles, capillaries, and the routes formatted by the radial shrinkage of
muscle fiber, where they are largely unaffected by bactericidal treatments [43,44]. From the
Day 0 TVC results, it seems that DBD treatment does not offer any immediate bactericidal
effect (p > 0.05). The growth rate of native bacteria on pork was, however, significantly
inhibited post-treatment. This is evidenced in Table 1, which includes the pork TVC growth
kinetic parameters (initial values, lag time, pmax). The R? and SE of Fit were shown to
represent the degree of kinetics compared to the reality. Samples exposed to 85 kV DBD
treatments had lag times almost double those of control samples; the former’s pmax was
also significantly decreased when compared with that of the control sample (p < 0.05). In
view of these results, sublethal damage to microorganisms, caused by DBD treatments, and
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the subsequent repair mechanism are likely to be responsible for the change in the dynamic
of growth of TVC [37].

Table 1. Lag time (M) and maximum specific growth rate (jtmax) for total viable counts according to
the Baranyi and Roberts model [41].

Initial Value

A B C -1 2D -+ E
DBD 2 (kV) (10g10CFU/g) AP (d) Mmax a1 R SE OfFIt
0 3.12+0.092 1.52 +0.08° 0.86 + 0.024 0.995 0.151
60 295+0.122 1.82 +0.14° 0.64 +0.03b 0.996 0.116
85 2.81+0.112 3.124+0.132 0.53 +0.01 € 0.986 0.177

A DBD: dielectric barrier discharge plasma treatment time; BA: the lag phase duration; € lmax: the maximum
specific growth rate. P R?: the coefficient of determination; F SE of Fit: standard error of fit. Different lower case
letters, *P¢, denote significant differences (p < 0.05) between different treatment groups. Results are expressed as
the means =+ standard error.

3.2. Pseudomonas spp., Enterobacteriaceae, LAB, and B. thermosphacta Counts in DBD-Treated
Pork During Refrigerated Storage

Pseudomonas spp. and B. thermosphacta grow readily under packaging conditions with
relatively high oxygen concentrations and are the main spoilage organisms in meat prod-
ucts [45]. In addition, bacteria of the Enterobacteriaceae family, especially some cryophiles,
may become dominant spoilage organisms during the cooling and storage of raw meat
products. It has been shown that spoilage bacteria of the genus LAB are mainly found
in fresh meat products packaged in vacuum or air-conditioned packaging [46]. Lactobacil-
lus sakeus, Lactobacillus flexneri, Lactobacillus marinus, Lactobacillus reuteri, and Lactobacillus
oligomerus have been shown to be associated with the spoilage of certain fresh meats, and
that these Lactic acid bacteria can cause severe acidification of meats, which can result in
a rancid, sour taste and spoilage of the meat products [47]. Therefore, these four genera
were chosen as the primary targets for microbial enumeration in this study during the
refrigerated storage of pork.

The precise composition of indigenous microorganisms on meat and meat products
is influenced by the type of meat, processing method, and storage conditions. This point
withstanding, Pseudomonas spp., Enterobacteriaceae, B. thermosphacta, LAB were found to be
the dominant microorganisms in the pork samples—aligning with previous research of
meat held under low temperatures and in modified-atmosphere packaging [48-51].

For a more comprehensive insight into microorganisms’ response to the DBD treatment
of pork, TAL and SM methods were applied to quantify the extent of sublethal injury of
Pseudomonas spp., Enterobacteriaceae, LAB and B. thermosphacta. Figure 3A shows that DBD
treatment had no significant bactericidal effect on Pseudomonas spp., Enterobacteriaceae, LAB,
and B. thermosphacta when measured using the TAL method. Interestingly, when the SM
method was employed, the 85 kV DBD treatment significantly decreased the population
of Pseudomonas spp., Enterobacteriaceae, LAB and B. thermosphacta on pork by 0.4, 0.8, 0.5,
and 0.5 log CFU/g, respectively. These results indicate a significant bactericidal effect
of 85 kV DBD on pork for these four microorganisms (Figure 3B). Meanwhile, counts on
DBD treated pork that were obtained using the SM method, irrespective of voltage and
microorganism, were significantly lower than was observed using the TAL method. This
finding may partially elucidate the seemingly contradictory research outcomes observed
in previous studies, where DBD treatment did not demonstrate a significant bactericidal
effect on indigenous microorganisms in meat but did demonstrate a sterilization effect
on inoculated microorganism strains [44,52]. Within this context, the choice of cultivation
method might play a substantive role.
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Figure 3. The Pseudomonas spp., Enterobacteriaceae, Lactic acid bacteria and B. thermosphacta counts
on pork exposed to different levels of DBD. (A) The bacteria counts obtained by TAL method, and
(B) the bacteria counts obtained on SM. * denotes significant differences (p < 0.05) between different
treatment groups of the same strain.

Perni, Liu, Shama and Kong [53] found that cold plasma did not have a bactericidal
effect when E. coli were recovered on TSA medium. However, when recovered on eosin
methylene blue (EMB) medium, it was found that cold plasma could reduce E. coli by
1.0 log CFU/g, whereas on a more stringent medium, a reduction of 1.5 log CFU/g was
achieved. Thus, it is inferred that cold plasma treatment can induce sublethal injury to
microorganisms [53]. Smet et al. [54] systematically studied the effect of cold plasma on
sublethal damage to Salmonella under different intrinsic factors (pH and salt concentration)
and support system (liquid carrier and solid surface). Their results demonstrate the minor
influence of the support system on Salmonella sublethal injury caused by cold plasma and
the significant effects of the intrinsic factors to sublethal injury. Specifically, Salmonella
cultured under incubation conditions of pH 5.5 and 6% NaCl suffered sensitive sublethal
injury from cold plasma treatment than Salmonella cultured under incubation conditions
of pH 7.0 and 0% NaCl [54]. It is apparent, however, that much focus has been on the
sublethal injury of inoculated microorganisms, with few studies available on the sublethal
injury of indigenous microorganism on food products caused by cold plasma treatment.

The recovery and growth of Pseudomonas, Enterobacteriaceae, LAB, B. thermosphacta in
pork exposed to different DBD treatments and stored for up to 10 days, post-treatment,
determined by the SM and TAL method, are shown in Figure 4. The growth curves
for these four microorganisms show a similar trend to TVC, whereby their growth and
reproduction are inhibited by DBD, and this effect is more prominent under the higher-
voltage treatment. It was also found that the difference in microorganism population,
determined by the SM and TAL methods, decreased as the storage period increased, before
somewhat equalizing in count by Day 10 of the storage period. This result suggests that
DBD treatment induced the broad-spectrum sublethal injury of microorganisms on pork
and that the injured microorganisms regained viability during the storage period. This
shows a real risk of underestimating the presence of foodborne microorganisms, following
DBD treatment, when using the SM method.

To confirm the effects of DBD treatment on the sublethal injury of Pseudomonas spp.,
Enterobacteriaceae, LAB and B. thermosphacta on pork, the variations in the sublethal injury
rates of these four microorganisms were monitored across the 10-day storage period
(Figure 5). For the 60 kV DBD treatment, the sublethal injury rate of Pseudomonas spp. and
B. thermosphacta decreased with an increase in storage period. The injured B. thermosphacta
persisted for at least 2 days into the total storage period, the injured Pseudomonas spp.
persisted for at least 4 days, while the injured Enterobacteriaceae and LAB persisted for
at least 6 days. At the 85 kV DBD treatment, the sublethal injury durations of these
four microorganisms were longer than observed for the 60 kV DBD treatment. By Day 6,
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the sublethal injury rate decreased for Pseudomonas spp. (78.4 to 32.6%), Enterobacteriaceae
(75.7 to 42.9%), LAB (55.9 to 27.7%), and B. thermosphacta (75.9 to 39.5%). Regardless of
whether the DBD treatment was conducted at 60 kV or 85 kV, the sublethal rates of the four
microorganisms decreased with increases in the storage period. This finding indicates that
microorganism with sublethal injury have the capacity for self-renewal.
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Figure 4. The recovery and growth of (A) Pseudomonas, (B) Enterobacteriaceae, (C) Lactic acid bacteria,
and (D) B. thermosphacta on pork with and without DBD treatment during refrigerated storage for up
to 10 days (post-treatment). All points are actual values, and all lines are fitted values of the model.

Error bars represent the standard error.
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Figure 5. The changes in sublethal rates of Pseudomonas spp., Enterobacteriaceae, Lactic acid bacteria and
B. thermosphacta on (A) 60 kV-DBD- and (B) 85 kV-DBD-treated pork held under refrigerated storage
for up to 10 days (post-treatment). Error bars represent the standard error. Within the same bacterial
genus, different lowercase letters at different times indicate significant differences (p < 0.05).

Following DBD treatment, microorganisms will be either alive, dead, or in a sublethal
injured state. Plasma treatment causes injury to the structure or function of bacterial cell
membranes, or a combination of both, including the destruction of membrane integrity
and increased membrane permeability [55,56]. When a membrane is perforated but its
metabolic activity is still active, a sublethal condition is present. In this case, the injured
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subpopulation can subsequently develop into a dead or alive microorganism, and the key
to how they develop depends on the external environment. When external stressors are
removed and microorganisms are in a nutrient-rich and favorable environment, some of
the genes related to SOS response, nitrosative stress, the cell envelop-related response,
and metabolism are found to be up-regulated, which contributes to the repair of damaged
membranes [57,58]. Meanwhile, OxyR is an important regulatory protein. This protein is
activated by ROS and upregulates the expression of antioxidant genes to prevent further
damage by ROS to cells [55]. Further research has found that the during the SOS response,
YneA accumulates within the cell, which inhibits septum formation and prevents cellular
division [59-61]. This may be one of the reasons why sublethally injured microorganisms
have an elongated lag phase. Sublethally injured microorganisms require energy to re-
pair the damaged membrane, maintain osmotic pressure, and express selective genes [62].
Therefore, sufficient and complex nutrients are required for their recovery [63]. In addition
to nutrients, certain minerals have been proposed to be beneficial for promoting the recov-
ery of injured microorganisms. For example, Mn cations participate in the adjustment of
the proteome, and the adjusted proteins participate in DNA repair, oxidoreductase activity,
and the remodeling of gene expression [64]. Zn cations can enhance the activity of Cu/Zn
superoxide dismutase, alleviate oxidative stress, and likewise promote microorganism
recovery [65].

The lag phase is an adjustment period during which the microorganisms undergo
some regulation to survive and thrive better in the new environment [66]. This parameter
indicates the physiological state of the microorganisms, and thus can provide a better
insight into their basic state [67]. DBD treatment caused an extension to the lag phase of
Pseudomonas spp., Enterobacteriaceae, LAB and B. thermosphacta. Furthermore, the higher
the treatment voltage, the longer the lag phase observed. These results suggest that DBD
treatment prolonged the time required for these four microorganisms to adapt to the new
environment. For the DBD-treated samples, the lag phase of the microorganisms cultured
by the TAL method was longer than that of the microorganisms cultured by the SM method,
and this phenomenon was more pronounced under higher-voltage treatment. During the
85 kV DBD treatment, the lag phases of Pseudomonas spp., Enterobacteriaceae, LAB and B.
thermosphacta cultured by the TAL method were 2.5, 3.7, 4.3, and 3.0 days, respectively,
while the lag phases of Pseudomonas spp., Enterobacteriaceae, LAB and B. thermosphacta
cultured by the SM method were 1.6, 3.0, 3.6, and 2.4 days, respectively.

The maximum specific growth rate is a critical growth kinetic parameter and used
to describe the growth behavior of microorganisms on food [68]. The maximum specific
growth rate can vary depending on the type of microorganism, the environmental condi-
tions, and the limiting substrate [49,69]. Different microorganisms have different maximum
specific growth rates, which reflect their physiological and metabolic capabilities [70].
Table 2 shows that DBD treatment significantly affects the maximum specific growth rate
of Pseudomonas spp., Enterobacteriaceae and B. thermosphacta; and this effect becomes more
obvious with increasing treatment voltage. Using the TAL method, the maximum specific
growth rates of Pseudomonas spp., Enterobacteriaceae and B. thermosphacta in the control
group were found to be 1.0, 0.5, and 0.9, respectively. After 60 kV DBD treatment, the
maximum specific growth rates of Pseudomonas spp., Enterobacteriaceae and B. thermosphacta
in pork were shown to significantly decrease to 0.7, 0.5, and 0.7, respectively. As the DBD
voltage increased to 85 kV, the maximum specific growth rates of Pseudomonas spp., Enter-
obacteriaceae and B. thermosphacta decreased significantly to 0.4, 0.38, and 0.6, respectively.
The results obtained using the TAL method and the SM method did not significantly differ,
except for the Enterobacteriaceae exposed to 85 kV DBD. However, DBD treatment had no
significant effect on the maximum specific growth rate of LAB (p > 0.05).
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Table 2. Lag time (A), maximum specific growth rate (1max), and generation time for Pseudomonas,

Enterobacteriaceae, LAB, and B. thermosphacta according to the Baranyi and Roberts model [41].

DBD A (kV) Medium AB(d) tmax € (d—1) G;ﬁza:;‘)’“ R2D SE of Fit
0 TAL 1.14 +0.13P 140022 0.48 +0.01°¢ 0.988 0.274
SM 1.19 £0.05° 095 +0.012 0.51 be 0.99 0.229
p 60 TAL 1.35+0.12° 067 +001P 057+0.01° 0.997 0.111
seudomonas
SM 128 £ 0.03°  072+0.03P 055+0.01° 0.983 0.275
85 TAL 247 +0.18°2 044 4+0°¢ 0.77 +0.022 0.994 0.099
SM 1614+032P 054+003¢ 0.73+003° 0.971 0.263
0 TAL 2314006 051+0012 0.63+£001¢ 0.992 0.142
SM 196 +0.1349  05+0012  0.66+0.01°¢ 0.985 0.192
. 60 TAL 35440062 046+0.01P 0.81+0.13b¢ 0.987 0.14
Enterobucteriaceae SM 256+ 0185 0474001  0.68+0.01°¢ 0.996 0.093
85 TAL 37240052 02840019 1.21+0.032 0.978 0.104
SM 296+014  036+001¢ 094+001P 0.99 0.102
0 TAL 23440259  077+0072 05340012 0.991 0.213
SM 254+0089 07440032 05340012 0.987 0.244
LABF 60 TAL 356+003P 083+0012 049 +0.01P 0.994 0.164
SM 3.03+005¢ 081+0022 05440012 0.985 0.28
85 TAL 431+0.142 079+£0042 046+0.01¢ 0.99 0.178
SM 355+ 0.18° 074 +0.012 0474 0.01b° 0.991 0.184
0 TAL 1.754+0.06¢ 08740012 047 +0.01° 0.997 0.126
SM 1.794+£0.12¢ 093 +0.022 0.46P 0.998 0.101
B. thermosphacta 60 TAL 246 +0.16°  073+003° 049+001P 0.988 0.225
SM 1.84+0.05°¢ 072+001° 047 +0.01P 0.999 0.083
85 TAL 3.01+0.172 059 +£0.04¢  0.64 +£0.012 0.997 0.081
SM 2364033 058+008¢ 0.61+£0.022 0.976 0.272

A DBD: dielectric barrier discharge plasma treatment time; BA: the lag phase duration; € lmax: the maximum
specific growth rate; D R2: the coefficient of determination; E SE of Fit: standard error of fit; F LAB: lactic acid
bacteria. Different lower case letters, >4, denote significant differences (p < 0.05) between different treatment
groups of the same strain. Results are expressed as the means =+ standard error.

The lag phase and the maximum specific growth rate contribute to our understanding
of the physiological state of microorganisms. Pina-Perez, Martinet, Palacios-Gorba, Ellert
and Beyrer [37] evaluated the influence of plasma treatment on the dynamics of growth of
Bacillus subtilis using the Gompertz model. Their results indicated significant differences
in the lag phase and maximum specific growth rate between the treatment and control
groups, with the lag phase differences becoming more evident as the plasma power density
increased [37]. Han, Boehm, Patil, Cullen and Bourke [57] revealed that the maximum
specific growth rate of plasma-treated E. coli, L. monocytogenes, and S. aureus decreased
as plasma treatment times increased [71]. In general, plasma treatment results in lipid
and protein oxidation, with implications on the changes in cell membrane fluidity and
enzyme activity [72]. These alterations are considered to impact the lag phase and the
maximum specific growth rate of microorganisms [73,74]. Table 2 shows that the maximum
specific growth rate of LAB was not affected by DBD treatment, unlike that of Pseudomonas
spp., Enterobacteriaceae and B. thermosphacta. DBD treatment did, however, significantly
reduced the generation time of LAB on pork. This raised the following question: does DBD
treatment improve the ability of LAB to adapt to colonies and enhance its competitiveness?

3.3. Interactions Between Pseudomonas spp., Enterobacteriaceae, LAB and B. thermosphacta in
DBD-Treated Pork

Modified Lotka—Volterra Models were used to evaluate the dynamic interactions
between the Pseudomonas spp., Enterobacteriaceae, LAB, and B. thermosphacta (Figure 6).
For control samples, the coefficients of interaction of LAB on Pseudomonas spp., Enter-
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obacteriaceae, and B. thermosphacta were x13 = 0.7, 1.0, and 0.7, respectively, and xy; = 2.3,

1.1, and 1.4, respectively. As xqp < a1, it was concluded that the influence of LAB on
Pseudomonas spp., Enterobacteriaceae, and B. thermosphacta was much lower than that of
Pseudomonas spp., Enterobacteriaceae, and B. thermosphacta on LAB. For pork exposed to

60 kV DBD, the coefficient of interaction of LAB on Pseudomonas spp., Enterobacteriaceae,

and B. thermosphacta, o1 decreased to 1.9, 2.6 and 1.2, respectively, and op; increased to

1.7, 0.9 and 0.9, respectively. These indicate the influence of LAB on Pseudomonas spp.;

Enterobacteriaceae, and B. thermosphacta was enhanced, while the influence of Pseudomonas
spp., Enterobacteriaceae, and B. thermosphacta on LAB was lessened. These results present
that DBD enhances the antagonistic activity of LAB during pork storage—an outcome
confirmed by Zhao et al. [75], who found the proportion of Pseudomonas in plasma-treated

chicken meat increased during storage, while the proportion of Carnobacterium decreased.

ROS generated by plasma can oxidize the lipids in the outer membrane, leading to the
inactivation of Gram-negative bacteria and an increase in the proportion of Gram-positive
bacteria, and the higher the initial load of microorganisms, the higher the proportion in
the latter storage periods [75]. Previous studies have shown that plasma treatment can
cause a decrease in surface pH [15,76,77], which may create an environment that is more

suited for LAB compared to other microorganisms. In addition, when grown in associ-
ated cultures, LAB exerted an antagonistic action on the growth of Staphylococcus aureus,

Salmonella typhimurium and E. coli [67]. The metabolic product of LAB, lactic acid, also
has a bacteriostatic effect, and the bacteriostatic effect of lactic acid on plasma-treated
microorganisms is enhanced [20,78]. However, it should be noted that CFC, STAA, and
VRBGA media all contain one or more bactericidal agents (i.e., cetrimide, streptomycin
sulfate, bile salts), while MRS media primarily select LAB via pH adjustments, which may
lead to a higher detection rate of LAB.
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Figure 6. Interaction of Pseudomonas spp., Enterobacteriaceae, Lactic acid bacteria and B. thermosphacta on
(A) control, (B) 60 kV DBD-treated pork, and (C) 85 kV DBD pork based on the Lotka—Volterra model.

72

Pseudomonas

Enterobacteriaceae

Lactic acid bacteria

B.thermosphacta

0.98

0.68

091

217

- 0.60



Foods 2024, 13, 4162

4. Conclusions

This study proves that DBD treatment will cause damage to the indigenous mi-
croorganisms on pork and will extend its shelf-life when refrigerated and in modified-
atmosphere packaging. However, when using conventional detection methods, this sub-
lethal damage can lead to type II error. Adopting modified culture methods can help avoid
this problem, to some extent, and make the detection results more accurate. DBD treatment
also causes changes in the succession of the microorganisms in the pork during storage,
decreasing the proportion of Pseudomonas spp. and B. thermosphacta, and increasing the
proportion of LAB. This bactericidal characteristic as well as its effects on the preservation
and increase in the proportion of LAB suggests that DBD treatment can likewise prolong
the preservation of fermented meat products. Additional research is, nonetheless, advisable
given the current experimental conditions and the extrinsic and intrinsic factors that impact
microorganism growth and population.
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Abstract: Nuovo Maratelli, a japonica rice with an intermediate amylose content, is suitable for paella
(a traditional Spanish dish) due to its ability to withstand cooking and absorb flavors. In this study,
high-pressure processing (HPP) at 400 and 600 MPa (10 min) was used as a pretreatment to improve
the properties of rice cooked by either boiling or microwaving. The microstructure and pasting
properties of unpressurized and pressurized rice were examined. Also, the cooking time and cooking
kinetics were determined for each cooking method. Overall, the pasting properties of the rice were
not impacted by the HPP treatments, but the typical polyhedral form of the rice starch granules
was lost, especially at 600 MPa. Cooking times were reduced from 14 and 10 min for unpressurized
samples to 12 and 8 min (400 MPa) and 8 and 6 min (600 MPa) for boiling- and microwave-cooked rice,
respectively. The rice pretreated at 400 MPa (10 min) and microwaved (8 min) had lower hardness
and adhesiveness, which was linked to the release of amylose during cooking. In summary, HPP
could be an effective pretreatment for the improvement of the cooking and textural properties of
Nuovo Maratelli rice, particularly when cooked by microwaving.

Keywords: amylose; pressurization; cooking method; microstructure; instrumental texture

1. Introduction

The production of rice in Europe may be considered low in comparison with world
production. However, its use has a high socio-cultural value, and several Mediterranean
countries have developed world-famous dishes based on rice. This is the case of risotto in
Italy or paella in Spain. These dishes are traditionally prepared using japonica rice cultivars
with a lower amylose content than indica rice cultivars, which in turn, contributes to their
unique cooking and sensory properties [1]. In the preparation of paella, pearled (white-
core) japonica rice cultivars are employed due to their capacity to withstand cooking and
absorb flavors [2]. Bomba rice is the preferred cultivar for this dish due to its medium
amylose content (18%); however, it presents a low-yielding variety, resulting in a higher
cost. Consequently, other cultivars with a lower amylose content (14%) are utilized. Thus,
in addition to selecting the most suitable cultivars, different processing technologies, like
soaking or high-pressure processing (HPP), can be applied to enhance the culinary and
cooking quality of rice [3]. Moreover, in comparison with heat treatments, HPP enhances
the integrity of starch granules [4], delays starch retrogradation, which causes texture
deterioration during storage [5], and decreases the temperature and enthalpy of grain
gelatinization [6]. Nevertheless, research has demonstrated that the outcomes anticipated
from the implementation of HPP are contingent upon the specific rice cultivar, particularly
its amylose content. The impact of HPP on waxy (non-pearled) and indica rice cultivars
with elevated amylose content has been extensively investigated. This encompasses starch
retrogradation [4,5], which has been demonstrated to vary significantly as a function of the
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leached amylose content. Additionally, alterations in solvent retention capacity exhibited
notable distinctions between floury and waxy rice cultivars [7].

The impact of HPP on the microstructure and textural properties of japonica rice
varieties has been the focus of many studies. However, most of them were carried out on
rice grains from oriental japonica cultivars [8-11]. To date, only one study has been carried
out to evaluate the changes in the microstructure of starches from Western japonica rice
grains after HPP [12]. Furthermore, textural changes in rice grains of these varieties have
not yet been examined.

The hypothesis of this study is that an HPP pretreatment may improve the cooking
and textural properties of a japonica cultivar with similar or slightly higher amylose content
than Bomba rice. Therefore, the objective was to evaluate the impact of HPP pretreatment
(400 and 600 MPa for 10 min) on the textural properties of Nuovo Maratelli rice cooked by
two methods: boiling and microwaving.

2. Materials and Methods
2.1. Materials and Experimental Design

A medium-grain japonica rice cultivar (Nuovo Maratelli) was selected for the present
study. Samples were supplied by a local company (Produccion Arroz Navarra S.L, Ar-
guedas, Spain) and were stored at ambient temperature in the dark until use.

A two-stage approach was used to fulfill the research objectives. Firstly, the optimal
hydration level of the rice grain was determined by examining the soaking time. Secondly,
the impact of HPP pretreatment on the rice and on the texture and cooking properties of
microwave- and boiling-cooked rice was assessed (Figure 1).

RICE
(Nuovo Maratelli)

D CHARACTERIZATION
L (GRAIN AND FLOUR)
< v
la SOAKING
SOAKING TIME
T:30°C SELECTION
t: 30, 45, 60, 90 min
____________________________________ >
_| WATER UPTAKE RATIO <
> MOISTURE =
PRESSURIZATION @)
STRUCTURE CHANGES )
p: 0.1, 400, 600 MPa (SEM) m
T:20 °C; t: 10 min (@)
> PASTING PROPERTIES %
_|
N m
1] COOKING KINETICS 5
o COOKING TIME
P74 Sellive o " SELECTION
| 0 g (800 0
(7p)
COOKING COMPARISON > COOKING PROPERTIES
Befivg wele ST TEXTURAL PROPERTIES
(TPA)

Figure 1. Flowchart detailing the sequence of experimental procedures.
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2.2. Soaking Time and Water Uptake Ratio

The optimal soaking time for achieving the appropriate grain moisture was determined
through the method of Rattanamechaiskul et al. [13], with some modifications. The samples
(100 g of grain rice and 500 g of water) were placed into a polyamide/polyethylene (PA/PE)
20/70 plastic bag and soaked at 30 °C for 30, 45, 60, and 90 min. The samples were then
air-dried for 2 min and weighed. The water uptake ratio of the rice samples (soaked and
pressurized) was obtained by dividing the weight of the soaked rice by the initial weight.
Once the samples reached a steady state, the optimal soaking time was established. Tests
were carried out in triplicate.

2.3. High-Hydrostatic Pressure Treatment

A high-pressure unit of 10 L vessel capacity and 800 MPa of maximum pressure (Idus
HPP Systems S.L.U., Noain, Spain) was employed for all the experimental assays. Samples
of 100 g of rice and 500 mL of osmotized water were placed in a PA /PE 20/70 plastic bag
and soaked at 30 °C for the time selected in Section 2.2. The samples were introduced
in the HPP equipment at 25 & 4 °C, and two different levels of pressure were applied,
400 and 600 MPa, for 10 min in both cases. The 10 min treatment time did not include
come-up or depressurization times. The pressure-transmitting medium was water, the
pressurization rate was 600 MPa/min, and the depressurization was almost instantaneous.
The product temperature was registered during processing with a pressure-resistant data
logger (LDT200 and Pt-100 thermometer, Leyro Instruments, Barcelona, Spain; Tempmate®-
B5 data button, Heilbronn, Germany). The collected dataset included both pressure and
temperature readings. After treatment, the water was removed, and they were left to dry
in air for 2 min before being stored for a maximum of 1 day until further analysis.

2.4. Moisture and Amylose Content Determination

The moisture content was estimated following the reference method [14]. For amylose
determination, soaked and cooked rice samples were first dried at 40 °C to reduce moisture
up to 6-12%. Treated and raw samples were ground for 1 min with an electric grinder
(Moulinette, Moulinex, Barcelona, Spain) and passed through a 150-um sieve to ensure
homogeneous particle size.

The apparent amylose content (AAC) was quantified using the method suggested by
Juliano et al. [15]. A standard curve for the estimation of AAC (10 to 40 mg/100 mL of potato
amylose) was used, and the absorbance was measured at 720 nm using a spectrophotometer
(UH5300 UV/VIS Spectrophotometer, HITACHI Corp., Tokyo, Japan). The AAC of rice
samples were expressed as mg/100 g dry matter (DM).

2.5. Microstructure by Scanning Electron Microscopy

Changes in the microstructure of pressurized rice samples were examined using
scanning electron microscopy (SEM) imaging, according to the method described by
Xu et al. [16]. Freeze-dried rice grain samples were mounted onto a SEM plate using
conductive carbon tabs and Pt-coated via sputtering of 7 nm. The three-dimensional
network microstructure of the rice grain samples was then observed and photographed
using a JSM-5610-LV scanning electron microscope (JEOL Ltd., Tokyo, Japan) at a 20-kV
acceleration voltage. For image analysis, the Image]2 v.1.54f image analysis software was
used on the Java 8 platform [17]. Particle circularity was quantified with the method of
Jordan et al. [18]. A circularity value of 1 is indicative of a perfect circle, while a value close
to zero (0) suggests an elongated shape.

2.6. Pasting Properties

Flour samples (about 10% of moisture) were prepared as for the AAC determination
(Section 2.3). Pasting properties of the rice flours were evaluated in a rotational Rheometer
HAAKE RotoVisco 1 (Thermo Scientific, Karlsruhe, Germany) equipped with a cup Z43S
and a starch blade FL2B paddle-shaped rotor with 2 blades using the method described by
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Kaur et al. [19] with slight modifications. Heating and cooling cycles were programmed.
Each rice flour suspension (6 g/50 g) was held at 50 °C for 6 min, heated to 95 °C at
2.25 °C/min, held at 95 °C for 400 s, before cooling from 95 to 50 °C at 3 °C/min. The
rotating speed of the paddle was set at 160 rpm during the measurements, except 960 rpm
during the first 10 s. Device management and data acquisition were performed using
HAAKE RheoWin 4 software (Thermo Scientific, Karlsruhe, Germany). Outputs were
expressed as Pa-s.

2.7. Cooking Kinetics and Cooking Time Selection

To obtain the rice-cooking kinetics by boiling, 100 g of rice was submerged in 500 mL
of osmotizedwater in a beaker and boiled (98 & 1 °C) using a heating plate (Combiplac, JP
Selecta, Barcelona, Spain). Subsamples of 15 g of rice were taken at two-minute intervals
between minutes 6 and 14 and were placed on qualitative filter paper for 5 min. This
process allowed for the removal of surface moisture from the rice grains.

For microwave-cooking kinetics, 60 g of raw rice was mixed with 300 mL of osmotized
water and cooked using a domestic microwave oven (Taurus Luxus Grill 21 L, Taurus
Group, Oliana, Spain) at 800 W. At two-minute intervals between 2 and 10 min, samples of
5 g of rice were collected for analysis and placed on filter paper, as previously described.
The cooking time and textural properties for both cooking methods were determined
by an instrumental analysis of the texture and a visual analysis of the grains. For each
extraction time, samples were subjected to the texture profile analysis (TPA) as described in
Section 2.9. Additionally, two grains of rice placed between two plates were crushed using
a 5 kg weight load. The grains were analyzed under a magnifying glass, and the rice was
identified as cooked when approximately less than 10% of the grains showed an opaque
center [20].

2.8. Cooking Properties

Once the cooking time was determined for each cooking method, samples of cooked
rice were prepared in accordance with the method outlined in Section 2.7, and the cooking
properties were evaluated. Elongation ratio, gruel solid loss, water uptake ratio, and expan-
sion volume were quantified according to the methods described by Bhattacharya et al. [21].

2.9. Instrumental Analysis of Texture Profile

The texture profile analysis (TPA) was performed with a texture analyzer TA-XT Plus
(Stable Micro System Ltd., Surrey, UK), equipped with a 50 kg load cell and an aluminum
compression platen (75 mm J, code P/75). The Exponent Lite v.6.1. software (Stable Micro
Systems Ltd., Surrey, UK) was used. A double-compression test was programmed for
TPA. A rice sample of 2 g (room temperature) was placed carefully on the base platform,
under the center of probe, and compressed up to 90% at a test rate of 1 mm/s. Pre-test
and post-test rates were 5 mm/s. Before analysis, the analyzer was calibrated using a 1 kg
weight. Hardness (N), adhesiveness (N s), cohesiveness, resilience (%), springiness (%),
gumminess (N), and chewiness (IN) were evaluated applying the method described by
Lyon et al. [22]. TPA tests were performed in triplicate.

2.10. Statistical Analysis

A one-way ANOVA was applied to data of amylose content and pasting properties.
The HPP pretreatment x cooking time and HPP pretreatment x cooking method effects
were evaluated using a two-way ANOVA. Differences between pairwise of means were
tested via a Tukey’s test (95% significance level). The textural properties that were most
affected by the dual treatments (HPP pretreatment and cooking method) applied to the rice
in stage 2 were determined through a discriminant analysis. All the statistical analyses were
carried out using SPSS Statistics for Windows, vers. 28.0 (IBM Corp., Armonk, NY, USA).
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3. Results and Discussion
3.1. HPP

The pressure-time relation and the internal temperature of the sample recorded during
rice HPP at 400 and 600 MPa are shown in Figure S1. The temperature of the filling water
ranged from 25 to 30 °C during the treatments. The temperature of the product never
exceeded 32 °C, with thermal leaps in the range of 8 to 10 °C. This means and ensures that
the pressure treatment did not cause any heat-induced structural changes in the rice and
starch and that any change in the properties, characteristics, and behavior of the samples
should be attributed to the pressure.

3.2. Raw Grain Characterization and Water Uptake

The raw samples of Nuovo Maratelli rice have a length of 6.1 £ 0.4 mm and a length/width
ratio of 2.12 & 0.19, belonging to the medium grain classification [23].

The moisture content of Nuovo Maratelli samples was found to be 11.78 £ 0.53%,
with an AAC of 22.61 £ 0.83% (25.31 £ 0.93 mg/100 g DM). Based on these findings,
the samples can be classified as intermediate amylose rice [24]. Commonly, amylose
content was positively related with hardness and negatively with stickiness, so cooked-rice
hardness and stickiness were strongly and inversely correlated [25]. Although this japonica
rice cultivar with intermediate content of amylose could be used to prepare paella, as HPP
could reduce firmness and stickiness, the application of this technology could be of special
interest to improve eating quality.

The soaking time at 30 °C necessary to reach the minimum recommended moisture
content (from 25 to 35%) was determined to be 45 min.

3.3. Effect of Pressurization on Water Uptake Ratio

The water uptake ratios in the soaked and pressurized samples were 1.27 £ 0.00,
1.33 £ 0.02, and 1.69 £ 0.01 g treated /g initial rice for 0.1, 400, and 600 MPa, respectively.
As a consequence, when comparing atmospheric pressure soaking to HPP soaking, the
moisture content (g water/100 g) of normal rice grains significantly rose from 39.5 £ 0.45
(unpressurized samples) to 42.13 4= 0.17 (400 MPa) and 39.07 & 1.51 (600 MPa). This is in
accordance with the results described by Wu et al. [26], who found water absorption rates
around 1.28 g/100 g in Wuchang cultivar, a non-waxy rice, after 400 MPa soaking for 15 min.
The rise in moisture levels indicated that water molecules could effectively penetrate the
peripheral regions of starch granules in rice grains under conditions of HPP [27]. The
increase in weight with rising pressure levels did not correlate with a corresponding
increase in moisture content. These findings suggest that solids retention was greater in
samples subjected to 600 MPa, which is attributable to gelatinization processes that take
place at these pressures [28,29].

3.4. Effect of Pressurization on Rice Grain Microstructure

Figure 2 depicts the alterations in the rice grain microstructure according to pressure
treatments, as observed through SEM. The microstructure of rice grains was affected
by HPP treatment. Moderate pressurization (400 MPa, 10 min) enhanced hydration of
starch granules, making the cavities more homogenous (Figure 2(al,a2)). The characteristic
polyhedral forms of the starch of the raw rice grain (Figure 2(b1)) began to be lost after
the application of 400 MPa (Figure 2(b2)). At 600 MPa, the microstructure underwent
reorganization as a result of compaction and partial aggregation of the starch grains
(Figure 2(b3)). Almeida et al. [12] observed similar changes in japonica rice starches treated
at 400 and 600 MPa for 30 min. Seo et al. [11] pressurized japonica rice flours for 10 min
and found that the starch structure was densest at 400 MPa and collapsed at 600 MPa.
The pressurization favors the entry of water molecules into the granules, where they form
new hydrogen bonds with the hydroxyl groups of the starch that replace the original
intramolecular hydrogen bonds, leading to the destruction of the starch structure [30]. The
intermediate amount of amylose could contribute to the stabilization of granules and the
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prevention of disintegrating, as found by Hu et al. [4] in non-waxy starch granules that
retained their integrity, which is different from waxy starch granules that disintegrated
after HPP at 600 MPa.

xsé ) 225 ar A SE1
2 % M .]:_4..\_ {7

Figure 2. Scanning electron microscopy images of samples subjected to different treatments ((al): raw
rice; (a2): 400 MPa, x500; (b1): raw rice; (b2): 400 MPa; (b3): 600 MPa, x2300-2500).

3.5. Effect of Pressurization on Pasting Properties of Rice Flours

The pasting properties of rice starch are influenced by granule swelling, amylose
leaching, starch crystallinity, amylose content, and branch chain-length distribution of
amylopectin. The increase in viscosity with rising temperature can be attributed to the
removal of water from the exuded amylose by the granules as they undergo swelling [31].
Rice with a high—intermediate amylose content typically exhibits elevated values for pasting
temperature (PT), peak viscosity (PV), minimum viscosity (MV), and final viscosity (FV).
Additionally, it displays a low breakdown index (BI), indicating stability during the cooking
process and a high setback, which means that it retrogrades easily [32,33].

The results of the assays with the Nuovo Maratelli rice showed no differences in any
of the pasting properties in all the control and HPP-treated samples. However, the HPP-
treated samples exhibited a tendency to increase PV at 400 MPa and to decrease this pasting
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parameter at 600 MPa, in comparison to the control (Table 1). These results are aligned
with those previously reported by Li et al. [34], who applied pressures of 120-600 MPa to
rice starch.

Table 1. Pasting properties of Nuovo Maratelli rice flours as a function of pressurization treatment
(10 min). Data are expressed as mean + standard deviation (1 = 3).

Parameter Control 400 MPa 600 MPa F Ratio p-Value
PT 65.60 £ 1.82 66.30 £ 0.37 64.30 £ 1.29 2.752 0.142
PV (n/Pas) 2410+ 06523 270042322 2310+ 1.11° 5.248 0.040
MV (n/Pas) 15.90 + 0.95 18.30 &+ 2.05 1510 £ 1.17 3.855 0.084
FV (n/Pas) 33.90 £ 0.87 35.90 £+ 247 34.00 £1.27 1.349 0.358
BI 7.90 + 0.89 720 £ 1.04 7.40 £0.38 0.580 0.589

PT: pasting temperature; PV: viscosity maximum; MV: viscosity minimum; FV: final viscosity; Bl: breakdown
index. Different superscripts in each row indicate significant differences between means via Tukey’s test.

Modifications were observed in the microstructure of the starch granule at 400 MPa
(Figure 2), this pressure being the threshold for rice grain gelatinization for the japonica
cultivar Chunyou 84 [10]. All of this could explain the changes in the pasting properties of
the 400 MPa pressurized sample compared to the control. On the contrary, under 600 MPa,
the compaction and partial gelatinization of rice starch does not lead to changes in pasting
properties respect to control.

In whole rice grains, the physicochemical modifications induced by HPP treatments
which affect the pasting properties are less pronounced than in rice flour and rice starch;
so, the effect on the pasting properties is therefore more challenging to assess.

3.6. Cooking Behavior: Cooking-Time Selection and Texture Changes

In this study, the cooking time was a prerequisite for evaluating the texture of the
cooked rice. The changes in instrumental texture parameters as a function of HPP pretreat-
ment and cooking time are shown in Figures 3 and 4. Data for 600 MPa treated rice boiled
for 14 min were not included because the samples were overcooked and were therefore
not suitable for instrumental analysis. During cooking, all texture parameters decreased
with time, except for adhesiveness, which increased. Overall, HPP treatment increased the
cohesiveness and reduced the adhesiveness of the rice grains irrespective of the cooking
method. However, the results of the texture kinetics showed that the effect of the other
texture parameters depended on the cooking method applied. These effects were generally
more pronounced in the 400 MPa than in the 600 MPa treated samples.

Compared to the unpressurized samples, the HPP samples showed a notable reduction
in adhesiveness. In addition to changes in the amylose content in the cooked samples, which
is negatively related to the stickiness, the structure of the starch affects this parameter [25],
so the changes in adhesiveness could be explained by changes in the rice starch during
pressurization. As the instrumentally measured adhesiveness is indicative of the stickiness
between the rice grain and the TPA probe, it can be deduced that the leached materials
(amylose) from the cooking process are a determining factor in the stickiness between the
rice grains.

When boil cooking was applied (Figure 3), the pressurized samples had higher val-
ues for hardness, cohesiveness, chewiness, gumminess, and resilience than their non-
pressurized counterparts at the same cooking time, especially when 400 MPa was used.
In microwave-cooked samples, in contrast to boiling-cooked samples, HPP pretreatment
reduced the hardness.
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The more uniform structure shown in the 400 MPa pressurized rice than in control
(Figure 2(al,a2)) could be responsible for these changes. Tian et al. [27] also observed a
more homogeneous network structure, resulting in lower hardness when normal and waxy
rice were soaked at 400 MPa. In addition, the cooked rice also had smaller holes and a
more resistant granule structure. Yu et al. [5] also reported that the hardness of HPP brown
rice was reduced under pressure of 300 MPa for 10 min.

The cooking time was reduced when a pretreatment of 400 or 600 MPa was applied
prior to cooking compared to the unpressurized samples. According to Priestley [35],
fast-cooking rice is directly related to the water absorbed in the previous soaking. Since
HPP favors water uptake through diffusion, it is expected that cooking time will be re-
duced. Thus, the application of intermediate pressures (around 400 MPa) induces starch
gelatinization and may reduce cooking time by facilitating water diffusion into the rice
grain [36,37]. In addition, when the pressure treatment is increased to 600 MPa, rice grain
gelatinization occurs depending on the degree of the milling and/or treatment time [10],
thus reducing cooking time.

Once the textural behavior of the samples subjected to the different treatments had
been determined, it was necessary to fix the cooking times for rice processing in order to
continue the research. According to the method described in Section 2.7, these times were
therefore set at 14 and 10 min for the control samples cooked by boiling and microwave,
respectively, 12 and 8 min for the 400 MPa HPP pretreated samples, and finally, 8 and 6 min
for the 600 MPa HPP pre-treated samples. It should be noted that, although Billiris et al. [38]
proposed instrumental texture as a method to establish the criteria for “well cooked rice”,
they only quantified the maximum compression force by means of a one-cycle test.

3.7. Effect of HPP Pretreatment on Cooking Properties

To enable a comparison of the effect of the cooking method, the experiment was
replicated with the cooking times selected in the previous section. The cooking properties
of the raw rice samples (boiled and microwave cooked) and those treated with HPP are
shown in Table 2. The soaking and pressurization processes caused water to penetrate the
grain, increasing the moisture content of the soaked rice grains pressurized at 400-600 MPa,
as indicated in Section 3.1. This pretreatment facilitated subsequent cooking by reducing
cooking time, water uptake, and changes in grain physical dimensions. In addition, the
cooking properties and impact of the HPP treatment differed depending on the cooking
method. Thus, shorter cooking times were required for microwave cooking, although the
application of the higher pressures reduced the difference between both methods. The
partial gelatinization of starch by pressure at 600 MPa could explain this phenomenon [10].

Table 2. Cooking properties of Nuovo Maratelli rice according to pressurization (10 min, 20 °C) and
cooking treatments.

Control 400 MPa 600 MPa
Parameter Boiling Microwaving Boiling Microwaving Boiling Microwaving
Cooking time (min) 14+0 10+0 12+0 8+0 8+0 6+0

Moisture (g/100 g sample) ~ 67.58 + 0.06 53.33 +0.53 4 62.02 4+ 091" 58.92 4 0.35 ¢ 62.69 + 0.25P 4943 £0.77¢
Water uptake ratio 321+0212 24240312 1.90 + 0.09 1.36 £ 0.05° 1.39 + 0.05P 1.28 + 0.03 ¢
Expansion volume 2.7540.282 178 £031° 1.57 4 0.09 be 1.36 + 0.05 <@ 1.15 4+ 0.04 <@ 1.12 + 0.05 4
Grain elongation ratio 68.50 4 10.93 2 60.48 + 2.33 ab 54.64 + 2.51 be 46.99 + 0.95 <d 42,62 +1.64 <4 4159 + 0.64 4
Gruel solid loss (%) 3.834+0.672 1.28 +£0.13 ¢ 3.81 £0.042 1.77 £ 0.12 be 2.98 +0.852b 2.32 4 0.20b¢

Different superscripts in each row indicate significant differences between means via Tukey’s test.

As water uptake occurred during HPP and cooking time was reduced, lower ratios
of these parameters were detected in the treated samples, especially at the higher pres-
sure. Water absorption facilitates the incorporation of flavors into rice dishes, which is a
crucial aspect from a culinary point of view. Similarly, the grain elongation ratio and the
volume expansion after cooking in the HPP-treated samples were consequently smaller
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than those observed in the cooked non-pressurized samples. Furthermore, a lower final
moisture content of the HPP-cooked samples was found, as already found in the uncooked
pressurized samples, especially when cooked in the microwave. The physical changes in
the grain dimensions during cooking were less pronounced at 600 MPa than at 400 MPa,
probably due to a shorter cooking time and a partial pressure gelatinization before heat
cooking. The compressibility of starch suspensions under pressure showed a reduction in
total volume associated with gelatinization [39].

Furthermore, the effect of HPP treatments on the gruel solids loss differed depending
on the cooking method. Microwave cooking increased the gruel solids loss, whereas boiling
had no effect.

In terms of cooking properties, boiled rice showed superior convenience and qual-
ity compared to microwaved rice, which showed lower values for cooking properties,
regardless of the pressure applied.

3.8. Effect of HPP Pretreatment on Textural Properties of Cooked Rice

The outputs of the instrumental texture evaluation for boiled and microwave-cooked
rice grains are summarized in Table 3. According to the previous section, the cooking
time was established as a function of the pressure and cooking method. The statistical
analysis revealed that all parameters were significantly different between the unpressurized
and pressurized samples, except for springiness (boiling and microwave cooking) and for
resilience and chewiness (microwave cooking).

Table 3. Instrumental texture of unpressurized (control) and pressurized rice (10 min, 20 °C), cooked
by the boiling or microwaving method (cooking time in Table 2). Data are expressed as mean +
standard deviations (1 = 3).

Control 400 MPa 600 MPa
Parameter Boiling Microwaving Boiling Microwaving Boiling Microwaving
Hardness (N) 188.8 £11.0¢ 2279 4+ 16.1 237.8 + 1232 189.3 £ 11.6°¢ 25454552 210.4 4+ 7.1 b¢
Adhesiveness (N s) —40+05¢ —34+07¢ —-15+02°b —11+022 —-1.6+03b —04+01°
Cohesiveness (%) 552 +£20° 6224+ 14Pb 63.6 +2.02P 63.6+ 4.12b 64.2 + 1220 6954+1.02
Resiliency (%) 36.73 +£2.5P 450+1.1° 459 +212 453 +432 470+129° 515+ 152
Springiness (%) 41.7 +£3.7 36.1 +3.4 475+ 4.0 37.8+21 426+43 420+67
Gumminess (N) 104.44+9.0° 127.6 £ 9.1 bc 151.4 +12.22b 126.2 + 15.2 b¢ 163.5 + 5.8 b 146.1 + 6.7 2
Chewiness (N) 437 +73b 4774+ 7.0°b 72.04+9.32b 46.0+48° 70.0+892 612 +5.12b

Different superscripts in each row indicate significant differences between means via Tukey’s test.

Regarding the hardness, the lowest value was observed in the unpressurized-and
boil-cooked sample and the pretreated at 400 MPa plus microwave-cooked sample, whereas
the highest was found in the pretreated at 600 MPa plus boiled sample. The lower hardness
in pressurized-plus microwaved samples could be explained by a lower amylose leaching
during cooking, which would form a film coating the rice grains [40].

Boiled pressurized samples displayed a higher hardness than control samples, while
microwave cooked samples showed a reduced hardness, to a higher extent at 400 MPa
pressure. A reduction in hardness was also detected for the oriental japonica rice treated
at up to 300-500 MPa for 10 min [9]. Boluda-Aguilar et al. [41] found a decrease in
instrumental hardness of Jasmine rice (an indica cultivar) heated by microwave in samples
subjected to 300-400 MPa for 2-3 min, in comparison to untreated samples.

The pressurized samples, particularly those microwaved, showed lower adhesiveness
than the unpressurized ones. Therefore, HPP pretreatment shortened the cooking time
and modified the grain microstructure, affecting the adhesiveness. All the pressurized
samples had more cohesiveness than the unpressurized and boiled sample, which showed
the lowest value. A more compact network might be formed in rice under the high pressure
that increases cohesiveness [27,42]. Similarly, differences in resilience only were found
between the unpressurized and boiled sample and the other studied samples In the case
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of gumminess and chewiness, lower values were found in unpressurized and in 400 MPa
treated and microwaved samples, whereas the highest value was observed in the 600 MPa
pressurized and boiled sample. Moderate HPP treatment (up to 500 MPa) can cause the
starch granules to be more firmly bound to the protein, thus decreasing the hardness of the
rice and improving the gumminess and chewiness [26].

The discriminant analysis performed to the instrumental texture parameters yielded
two functions that collectively explained 99.2% of the sample variance. Discriminant
function 1 (87.5%) was closely associated with hardness, gumminess, and resilience. Dis-
criminant function 2 (11.8%) was strongly related to adhesiveness. Figure 5 depicts the
samples based on the two discriminant functions. The unpressurized samples (control) are
shown in the first quadrant of the graph. The pressurized and boiled samples are grouped
in the second quadrant. The pressurized and microwaved samples are collected in the
remaining quadrants.
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Figure 5. Score plot of the canonical discriminant functions for the instrumental texture evaluated
in rice samples (*: group centroids). blue: unpressurized; red: treated at 400 MPa; green: treated
at 600 MPa; circle: boil-cooked; square: microwave-cooked.

In comparison to the unpressurized and boiled samples, the pressurized at 400 MPa
and microwave-cooked samples showed comparable hardness values but had decreased
adhesiveness. This finding suggests that microwave cooking had the greatest impact on
the textural properties of pressurized samples, as hardness and stickiness are the key to
improve and manage eating quality for rice [25].

3.9. Effect of Pressurizing and Cooking on Amylose Content

Figure 6 shows the modifications in the AAC of rice samples soaked and subjected to the
different treatments (pressurization and cooking). The highest values were recorded in the
samples pressurized at 600 MPa, regardless of the cooking method (27.47-28.06 mg/100 g
DM). The samples treated at 400 MPa displayed intermediate values (25.84-27.21 mg/100 g

DM). Instead, soaked and microwaved samples showed the lowest values (23.49 mg/100 g
DM).
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Figure 6. Changes in apparent amylose content in soaked-rice samples as a function of the treatments
applied. The dashed vertical line separates unpressurized samples (left) from pressurized samples
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differences via Tukey’s test (n = 3).

Regarding the uncooked sample, the HPP pretreatment did not significantly impact
the AAC. On the contrary, the cooked samples exhibited elevated AAC contents when
subjected to HPP pretreatment, especially when microwave cooking was used and when
the pressure applied was 600 MPa. Therefore, it can be concluded that pressurization
would effectively reduce the leaching of amylose during the cooking process. This was
also observed in pressurized normal and black rice grains [4,42], which was attributed
to the intact starch granules presented in the HPP treatment that make amylose leaching
difficult [4].

4. Conclusions

This study evaluates, for the first time, the effect of HPP pretreatment on the properties
of Nuovo Maratelli rice cooked using two different cooking methods. The optimal cooking
time was determined through the use of the TPA test. Based on the results obtained,
pretreatments at 400 and 600 MPa for 10 min could be used to modify the cooking properties
of the rice. In particular, the HPP treatment reduces cooking times and improves some of
the textural properties that are critical for the eating quality of this rice cultivar. However,
the shorten of the cooking time and the subsequent modifications depend on both the
pressure level and the cooking method used. The application of the highest-pressure level
facilitates the incorporation of water into the grain, thereby increasing its availability and
reducing the cooking time by up to 6 min when microwaved. Additionally, the HPP
pretreatment causes changes in the grain microstructure, which are already observed at
400 MPa and become more pronounced at 600 MPa, when a compact network was formed.
Most of the textural parameters were modified as a result, but to improve the eating quality
of the cooked rice, 400 MPa before microwave cooking could be selected, as it achieves a
similar hardness to that of unpressurized-boiling-cooked rice and reduces adhesiveness.
The results obtained in this work suggest that a pretreatment of pressurization could
improve the eating quality and convenience of Nuovo Maratelli rice to prepare traditional
rice dishes such as paella, making it more acceptable to consumers.
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recorded in the IDUS HPP 10L unit from rice samples: processing at 400 MPa (a); processing at
600 MPa (b).
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Abstract: Pigmented rice grass juice (RGJ) is a good source of bioactive compounds, but fresh juice
has a relatively short shelf life of only 7 days at 4 °C. The objectives of this study were to determine
the optimal growth stage of pigmented rice grass, investigate the optimal condition of high-pressure
processing (HPP) for bacterial inactivation in inoculated RGJ using response surface methodology
(RSM), and evaluate quality changes in uninoculated HPP-treated juice during storage at 4 °C
compared with heat-treated (85 °C/10 min) and untreated samples. Results revealed that the optimal
growth stage of rice grass was 9 days with the highest total anthocyanin content of 158.92 mg/L.
The optimal condition of HPP was determined to be 612 MPa, 11 min, and 36 °C, and inactivated
Escherichia coli K12 and Listeria innocua with 6.43 and 5.02 log reductions, respectively, meeting FDA
regulations. The lethality of bacteria after HPP treatment can be explained by damage to the cell
membrane and the leakage of intracellular constituents such as protein and nucleic acid. During
12 weeks of storage at 4 °C, total plate counts and yeast and mold counts in uninoculated HPP-
treated juice were not detected. Moreover, HPP did not significantly change phytochemical properties
(p < 0.05), caused a minor impact on physicochemical properties of RG], and maintained the durability
of juice samples during storage. Analysis of the phytochemical profile revealed that HPP treatment
could preserve most of the phenolic compounds in RGJ and especially increase the contents of
protocatechuic acid, 4-hydroxybenzoic acid, syringic acid, transcinnamic acid, isorhamnetin-3-o-
glucoside, quercetin, and cyanidin-3-glucoside (p < 0.05). Overall, HPP is a potential pasteurization
technique for microbial inactivation and nutritional preservation for rice grass juice.

Keywords: high hydrostatic pressure; optimization; Escherichia coli; Listeria innocua; phytochemicals;
cereal grass

1. Introduction

Cereal grass is now considered a functional food [1]. Wheat grass juice is the most
common cereal grass juice and contains considerable amounts of bioactive compounds [2].
However, due to the high price and cultivation area of wheat, products from wheat grass
are not commonly marketed and consumed in Asian countries. Rice (Oryza sativa) belongs
to the Poaceae family, similar to wheat, and is the most important staple food crop in Asia,
which is also the leading continent in rice production, accounting for nearly 90% of the
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global market share based on the data of FAOSTAT (available online: https://www.fao.org/
faostat/en/#data/QCL/visualize) (accessed on 9 September 2024). Kum Doi Saket (KDS)
is a black-purple glutinous rice cultivar that is widely grown in the north and northeast
of Thailand. Juice squeezed from rice grass harvested at the jointing stage (days 6-15 of
the growth stage) exhibits the highest levels of bioactive compounds [1,3]. Therefore, the
“growing stage” must be considered to maximize the phytochemical properties of cereal
grass juice.

Few studies have addressed the bioactivity of rice grass juice (RG]J), with most reveal-
ing superior phytochemical characteristics in pigmented RGJ compared to wheat grass
juice [4]. Khanthapoka et al. (2015) found that RG] from a black-color cultivar exhibited the
highest total phenolic content (4.3 mg GAE/g DE) and the highest radical scavenging activ-
ity (ECsg = 11 mg/mL) compared to other white rice and wheat grass juices [5]. Thepthanee
et al. (2021) reported the cancer chemopreventive potential, strong antioxidant activity, and
anti-inflammatory capacity of a black rice grass extract which was a rich source of phenolic
acids, anthocyanins, and flavonoids [6]. Rice is the main staple food in Asia and black
rice cultivars contain high levels of polyphenols and antioxidants. Therefore, pigmented
RG]J can be developed competitively as an alternative functional beverage. RG] is similar
to wheat grass juice and is categorized as a low-acid vegetable juice with pH > 4.6 and a
short shelf life [7]. Vegetable juice is defined as “the liquid unfermented but fermentable
product or lactic acid fermented product intended for direct consumption obtained from
the edible part of one or more sound vegetables and preserved exclusively by physical
means”. The products must be free from microorganisms capable of development under
normal conditions of storage [8]. Thus, finding an appropriate preservation technique is
necessary to extend the shelf life of RGJ.

Today, minimally processed food products with superior quality and fresh-like charac-
teristics are in high demand, and less harsh preservation techniques with fewer additives
are preferred. Due to its advantages over thermal pasteurization, high pressure processing
(HPP) has gained popularity. These benefits include (i) immediately inactivating pathogenic
and spoilage-causing bacteria, (ii) delaying or deferring the commencement of chemical
and enzymatic deteriorative processes, and (iii) maintaining the nutrition and organoleptic
properties of food products [9-13].

HPP is usually applied to fruit and vegetable juices as a pasteurization method with
pressures ranging from 400 to 600 MPa and treatment duration from 1 to 15 min [9].
Research has shown that HPP preserves the safety and organoleptic quality of low-acid
beverages such as carrot juice [14], cucumber juice [15], wheat grass juice [16], pitaya
juice [17], and coconut juice [18]. The study by Liu et al. (2016) reported that HPP (500 MPa
for 5 min at 20 °C) can inactivate total aerobic bacteria and total yeast and mold counts to
less than 1 log (CFU/mL) in a clear cucumber beverage, and prevent the appearance of
bacterial colonies for 20 days of refrigerated storage. HPP-treated juice also retained a fresh-
like color, demonstrated higher clarity, and preserved more important aroma constituents
than high temperature short time (HTST)-treated juice [15].

Therefore, the objectives of this study were to determine the optimal growth stage of
black rice grass, optimize the HPP conditions for inactivation of Escherichia coli K12 and
Listeria innocua in Kum Doi Saket RGJ, and investigate the stability of HPP-treated RG]
during storage compared with heat-treated RG]J.

2. Materials and Methods
2.1. Study of Rice Grass Growth Stages

Kum Doi Saket black rice grass was grown by the Lanna Rice Research Center, Chiang
Mai University, Chiang Mai, Thailand. The seeds were tested for >95% germination, soaked
in water for 12 h and incubated for 48 h (25 °C). Then, 200 g of seeds were spread evenly
on a seedling tray (30 x 60 cm) and watered regularly. Germination was conducted under
controlled conditions at 25/20 °C and 60 to 70% relative humidity.
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The rice grass was grown for 14 days. Harvesting began on day 6 when the grass was
12 to 15 cm high. After harvesting, the fresh grass was weighed, washed with tap water,
and pretreated by soaking in sodium bicarbonate solution (0.1%, 15 min) for contaminant
removal. The RG] was then extracted by a single gear horizontal juicer (Oscar DA1200,
Ulsan, Republic of Korea) and filtered through cheesecloth three times. The extracted
juice was analyzed for some phytochemical properties including total phenolic content,
antioxidant activity, and total anthocyanin content. Among them, total anthocyanin content
was considered the most important factor. The growth stage that revealed the highest levels
of bioactive contents was chosen for further experiments.

2.2. Optimization of Processing Conditions
2.2.1. Bacterial Strain Preparation

Gram-negative bacterium Escherichia coli K12 (ATCC 10798) and Gram-positive bac-
terium Listeria innocua JCM 32814 were the two bacteria strains used in this study, which
were provided by the American Type Culture Collection and Japan Collection of Microor-
ganisms, respectively.

The bacterium stocks were stored at —20 °C in Tryptic Soy Broth (TSB) supplemented
with 50% glycerol. Cell cultures were activated by streaking on Tryptic Soy Agar (TSA) and
incubated at 37 °C for 24 h. The strains were then subcultured into 10 mL of TSB at 37 °C
until they reached the early stationary phase (107 CFU/mL). The cells were then washed
with sterile 0.85% (w/v) NaCl solution and collected by centrifugation (6000 g, 10 min).
The bacterial pellets were resuspended at 10° CFU/mL for further study.

2.2.2. Response Surface Methodology Experimental Design for Microbial Inactivation

RGJ was autoclaved at 12 °C for 15 min to inactivate all naturally occurring microor-
ganisms in the juice. E. coli K12 and L. innocua suspensions were inoculated individually
into sterile RG] samples in 30 mL PET bottles at a concentration of 10® CFU/mL. In this
study, we used response surface methodology (RSM) to optimize the processing conditions
for microbial inactivation. The process parameters investigated were pressure (400 to
600 MPa), time (5 to 15 min) and temperature (15 to 35 °C). The results of preliminary
experiments showed that all single processing factors provided significant effects on micro-
bial inactivation. A Box-Behnken Design (BBD) was applied with three factors including
pressure, time, and temperature, coded as A, B, and C, respectively. Each factor had three
levels, and the HPP condition at the center point was replicated five times. Log reduction
of the two bacteria was defined as the response for the optimization process. Analysis of
variance (ANOVA) was employed to evaluate the impacts of the HPP parameters on two
responses with p < 0.05 indicative of statistically significant parameters.

After treatment, inoculated RG] samples were investigated for the viability of bacterial
cells. Appropriate decimal dilutions of cell suspensions were drop-plated onto TSA. All
plates were incubated at 37 °C for 24 to 36 h. Finally, typical colonies were counted and
reported as log reduction using Equation (1):

Log reduction = log(Np) — log (N) (1)

where Ny represents the count of colonies in untreated samples and N is the count of
colonies in treated samples.

2.3. Bacterial Morphological Studies

The morphological alterations in untreated, heat-treated, and HPP-treated bacteria
cells were assessed by scanning electron microscopy (SEM), based on the approach of
Sha et al. (2020) with some modifications. Inoculated HPP-treated samples, heat-treated
(85 °C, 10 min) samples, and untreated samples were centrifuged (6000x g, 10 min) to
obtain the bacterial cell pellet [19]. A critical point dryer (Leica EM CPD300, Vienna,
Austria) was used to dry the pellet. The dried cell was then coated with gold and subjected
to SEM (JEOL, JSM-IT300, Tokyo, Japan) (15 kV) to examine the morphology [20].
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2.4. Determination of the Intracellular Constituent Leakage

Preservative treatments like HPP or heat might cause breakage of the bacterial cell
membrane resulting in the leakage of intracellular constituents. The release of nucleic acids
and proteins from the two bacterial strains after treatment was determined following the
method of [19]. After HPP and heat treatment, the bacterial suspension was centrifuged
(6000x g, 10 min). The supernatant was filtered through sterile syringe filters of 0.22 um
to remove bacterial cells. Then, a UV-Vis spectrophotometer (Genesys 180, Thermo Fisher
Scientific, Waltham, MA, USA) was employed to measure the absorbances of the filtered
suspensions at wavelengths of 260 nm and 280 nm to examine the leakage of nucleic acid
and protein, respectively [19].

2.5. Quality Assessment of the Treated RG] during Storage

HPP (612 MPa, 11 min, and 36 °C)-treated samples (HPP-RGJ), heat (85 °C, 10 min)-
treated samples (HT-RGJ), and control samples (C-RG]J) were evaluated for durability over
12 weeks of storage at refrigerated temperature (4 °C) based on three main attributes,
including microbial, physicochemical, and phytochemical qualities.

2.5.1. Microbial Quality

The microbiological quality of control, HPP-treated, and heat-treated RGJ samples
during storage was evaluated by analyzing total plate count (TPCt) on plate count agar and
yeast and mold count (YMC) on potato dextrose agar. Both TPCt and YMC were measured
using the spread plate technique [21,22]. Finally, the samples were stored at 37 °C for 48 h.
The amount of bacterial colonies found on agar was represented in log CFU/mL.

2.5.2. Physicochemical Quality

The total soluble solids (TSS) was evaluated by a hand refractometer (ATAGO, Tokyo,
Japan). A pH meter (FiveGo F2, Mettler Toledo, Switzerland) was employed to determine
the pH value of the rice grass juice. Titratable acidity (TA) was analyzed following the
methodology with some modifications [16]. Color Quest XE (Hunter Lab, Tokyo, Japan)
Colorimeter was employed to measure L*, a*, and b* color parameters of RGJ.

2.5.3. Phytochemical Quality
Total Phenolic Content (TPC)

The Folin-Ciocalteu method of Khanthapoka et al. (2015), with some modifications,
was used to evaluate the TPC of rice grass juice [5]. In summary, 0.5 mL of diluted RG]
was reacted with 2.5 mL of Folin-Ciocalteu reagent 10% (v/v) (ratio 1:25) and stored in
the dark for 5 min. After that, 2 mL of Na,CO3 7.5% (w/v) was added to the reaction
mixture followed by incubating in the dark for 60 min. The absorbance of the suspension
was detected at 765 nm. TPC of rice grass juice was expressed as milligrams of gallic acid
equivalent per liter of juice (mg GAE/L) [5].

Antioxidant Activity by 2,2" Azinobis (3 Ethylbenzothiazoline 6 Sulfonic Acid)
(ABTS) Assay

The ABTS value of RG] was measured following the methodology described by Re
et al. (1999) with certain changes [23]. In short, to produce the ABTS* radical cation, two
solutions of ABTS 7 mM and K;,5,0g 2.45 mM (ratio 1:1) were mixed and stored in the
dark at room temperature for 16 h. Then, 3 mL of diluted ABTS™* solution (absorbance of
0.7 £ 0.02 at 734 nm) was reacted with 50 uL of diluted RGJ (1:25) and incubated for 30 min
in the dark at 25 °C. The absorbance was detected at 734 nm. Antioxidant activity (AOA)
was defined as millimoles of Trolox equivalent per liter of juice (mmol TE/L) [23].

Antioxidant Activity by Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP value of RG] was evaluated based on the study of Benzie and Strain with
some changes. Briefly, FRAP reagent generated by the reaction of 300 mM acetate buffer
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(pH 3.6), 10 mM TPTZ, and 20 mM FeCl; was reacted with 0.1 mL diluted juice (1:25). The
samples were then stored in the dark for 30 min. After incubation, the absorbance of the
solution was detected at 593 nm. FeSO4 was used to contribute the standard curve. The
FRAP value of RG] was defined in pmol Fe?* per liter of juice (nmol Fe?* /L) [24].

Determination of Total Anthocyanin Content (TAC)

Anthocyanin is an important bioactive compound that contributes to the black-purple
color of rice grass juice. The TAC of RG] was investigated following the differential
methodology of Lee et al. (2005) with some changes [25]. Briefly, we prepared two buffer
solutions including sodium acetate 0.4 M (pH = 4.5) and potassium chloride 0.025 M
(pH=1). Then, the undiluted juice was added into each buffer solution at a ratio of
1:4 (1 part test portion, 4 parts buffer) and stored for 20 min. The absorbance of all
samples was analyzed at both 520 and 700 nm. Total anthocyanin content was expressed as
milligrams of cyanidin-3-glucoside equivalent per liter of juice (mg/L) and determined
using Equation (2) [25]:

A % 449.2 x DFx10°

TAC (mg/L) = 56 9001 2

where A (absorbance) = (Aspp — A700)pH 1.0 — (As20 — A700)pH 4.5; 449.2 = molecular weight
of cyanidin-3-glucoside (g/mol), DF = dilution factor, 1 = pathlength (cm), 26,900 = molar
extinction coefficient (L-mol~1-cm™1).

Determination of Total Chlorophyll Content (TCC)

Chlorophyll is also an important pigment compound found in cereal grass juice.
The TCC of RG] was investigated based on the methodology of Porra et al. (1989) with
minor modifications. In short, 50 pL. of RGJ was mixed with 450 pL of 80% acetone. The
absorbance (A) of the sample was detected at 663 and 645 nm and TCC was determined
using Equation (3) [26]:

TCC (mg/L) = 19.54A%% + 8.29A%%3 (3)

2.6. Phytochemical Profile Analysis

The phytochemical profiles (phenolic acids, flavonoids, and anthocyanin) of fresh juice
(C-RQ)), HPP-treated juice (HPP-RGJ), heat-treated juice (HT-RG]J), and commercially avail-
able wheat grass juice (WGJ) and barley grass juice (BGJ) were identified and quantitated
using a high-performance liquid chromatography (HPLC, Agilent 1290 Infinity II, Santa
Clara, CA, USA) system with a Phenomenex C18 column (5 um, 4.6 x 250 mm), (Torrance,
CA, USA) and a diode array detector, following the methodology with some modifica-
tions [27]. Two mobile phases of acetonitrile supplemented with 0.1% (v/v) formic acid
and water supplemented with 0.1% (v/v) formic acid were employed at room temperature
with flow rates of 1 mL/min. The detector wavelengths were set at 280 and 320 nm [27].
There were 16 phenolic compound standards used, including gallic acid, protocatechuic
acid, 4-hydroxybenzoic acid, chlorogenic acid, vanillic acid, syringic acid, p-coumaric acid,
ferulic acid, transcinnamic acid, catechin, rutin, isorhamnetin-3-o-glucoside, quercetin,
naringenin, cyanidin-3-glucoside, and peonidin-3-glucoside.

2.7. Statistical Analyses

Each experiment was conducted in triplicate. Experimental runs and data were
generated and analyzed with Design-Expert version 13.0.5.0, consisting of analysis of
variance (ANOVA), regression evaluation, creation of response surface plots, and prediction
of the optimal conditions for HPP. Response surface methodology (RSM) was employed to
optimize the process parameters (pressure, time, and temperature) of HPP. JMP version
12 software (SAS Institute, Cary, NC, USA) was used to conduct two-way ANOVA. Means
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were compared using Tukey’s HSD test. Significance was assigned to comparisons with a
p-value lower than 0.05 (p < 0.05).

3. Results and Discussion
3.1. Effect of Rice Grass Growth Stage on Phytochemical Properties

TPC, AOA, and TAC levels in rice grass rose at 9 days after planting (p < 0.05) and
subsequently decreased from days 11-14 (Table 1). Notably, from day 9 to day 10, TPC and
ABTS values slightly increased by 7.19% and 7.57%, respectively, while FRAP value did not
change significantly, but TAC decreased sharply by 22.34%. The most distinctive feature of
Kum Doi Saket grass is its black-purple color, which is created by pigmented compounds
such as anthocyanin. According to Khanthapoka et al. (2015), the KDS cultivar had the
highest TAC compared to other cultivars of white rice grass and wheatgrass, which may
result in superior antioxidant capacity and DNA protection [5]. Therefore, we considered
TAC the most important parameter to determine the optimal growth stage of KDS rice
grass. As a result, although the TPC and ABTS values of rice grass on day 9 were slightly
lower than those on day 10, day 9 was selected as the optimal growth stage of KSD grass
because TAC reached a maximum value of 158.92 mg/L. After day 9, the third leaves
appeared and the color of the grass turned from dark purple to green (Figure 1), marking a
gradual decrease in bioactive compounds (p < 0.05).
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Figure 1. Growth stages of rice grass from day 6 to day 14.

Cereal grasses after 6 to 15 days of germination are at the “jointing stage”, when they
reveal the highest level of bioactive compounds [1,3]. Young plants need phytonutrients
such as polyphenols or antioxidants to protect against threatening external factors [28].
After the jointing stage, bioactive compounds decline sharply as levels of cellulose increase
to support the elongation of internodal tissue in the grass leaf, forming a stem [1,4]. In
2005, Randhir and Shetty discovered that polyphenols in immature maize leaves during
the early germination stage were soluble. However, in the late growth stages, polyphenol
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concentration decreased due to lignification, which occurred when phenolic molecules
were partitioned in a polymerization process to generate lignans and lignins [29]. The
study of Kohler (1944) discovered that fiber content in oat leaves increased as the plant
matured, but vitamins, protein, fat, and chlorophyll content declined [30].

Kapkum et al. (2011) investigated changes in TPC and AOA over 18 days of rice grass
germination and found that 15 days was the optimal germination age [31]. Kulkarni et al.
(2006) also found that wheat grass extract had the highest AOA after 15 days of growth.
Different cereal cultivars have diverse optimal growth stages [32]. Rice grass harvested at
the optimal growth stage (day 9) was used for further experiments.

Table 1. Phytochemical properties of RG] at 6 to 14 days of growth.

Growth Stage (Days)
Attributes
6 7 8 9 10 11 12 13 14
TPC 309299 +  3349.02 + 3568.65 + 3433.11 + 3680.70 + 3390.44 +  3263.68+  3010.16 &+ 314822 +
(mg GAE/L) 156.28 de 81.71°¢ 18.57b 161.34 be 49.14 2 179.1 be 30.43 <d 104 © 32.46 de
FRAP 19.79 + 22.99 + 29.76 + 31.76 + 32.58 + 25.98 + 2545 + 25.54 + 27.35 +
(mm FeZ*/L) 0.57¢ 0.524 1.09° 1.612 0.772 1.78 ¢ 043¢ 1.11¢ 1.55¢
ABTS 26.28 + 27.38 £25 3247 + 3171 + 34.11 + 2821 + 25.73 + 24.36 + 20.92 +
(mm TE/L) 1.87 de de 3.17° 1.86 bc 2142 1.09 < 2.47de 1.95 1.56 f
TAC 68.97 + 77.65 + 87.11 + 158.92 + 123.41 + 91.4 4+ 7.52 95.13 + 87.84 + 95.46 +
(mg/L) 3.284d 1.76 ¢ 9.16¢ 322 3.17°b c 483°¢ 3.78°¢ 521°¢

Different superscripts represent significant differences (p < 0.05).

3.2. Microbial Inactivation by HPP
3.2.1. Model Fitting

Three factors of HPP including pressure, time, and temperature, along with their
codes and levels, are shown in Table 2. Experimental runs generated by BBD and results of
the effect of HPP parameters on bacterial inactivation are shown in Table 3. The observed
responses were obtained via HPP experiments, whereas the expected responses were
generated using a regression equation (Table 4).

Table 4 shows RSM plots demonstrating the effect of process factors on microbial
inactivation, as well as coded values for second-order polynomial regression equations.
The effects of the independent variables on the log reduction of two bacteria strains were
demonstrated by the linear terms (A, B, C), quadratic terms (A%, B2, C?), and interaction
terms (AB, AC, BC). The RSM model coefficients (R%) were 0.9613 and 0.9583, indicat-
ing that the generated models explained 96.13% and 95.83% of the variation for E. coli
K12 and L. innocua log reduction, respectively. A model with a relatively good fit usually
has a coefficient above 0.08 [33]. The findings showed that experimental and predicted
values had good correlation, indicating that the quadratic models were efficacious in
this research.

Analysis of variance (ANOVA) was used to examine the influence of process param-
eters on log reduction of the two bacteria strains, with p-values less than 0.05 indicating
statistical significance. The data shown in Table 4 reveal that the quadratic models were
significant for the optimization of HPP process parameters, with p-values < 0.05.

Table 2. Three independent variables (pressure, time, temperature) used for optimization of HPP via
Box-Behnken Design (BBD).

Level
Independent Variable (Factor) Label
-1 0 -1
Pressure (MPa) A 400 500 600
Time (h) B 5 10 15
Temperature (°C) C 15 25 3
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Table 3. The impact of independent HPP factors (pressure, time, temperature) on the inactivation of
E. coli K12 and L. innocua.

Response Response
Factors (E. corl,i K12) (L. inI:wcua)
Run : T -
As (Il’\l;[elfz;l re B('nfil::;e S;Eree“(‘f é;- Actual Predicted Actual Predicted
1 600 10 35 6.15 6.25 5.65 5.12
2 600 15 25 5.30 5.05 5.09 4.96
3 600 10 15 5.24 5.77 4.25 3.90
4 500 15 35 5.24 5.75 2.99 3.18
5 500 10 25 5.18 5.27 2.64 2.52
6 500 10 25 5.18 5.27 2.64 2.52
7 500 10 25 5.18 5.27 2.64 2.52
8 500 10 25 5.18 5.27 2.64 2.52
9 500 5 35 5.18 5.30 1.97 1.70
10 500 10 25 5.18 5.20 2.64 2.52
11 400 10 35 4.93 457 1.88 1.98
12 600 5 25 4.56 4.64 2.92 3.25
13 500 5 15 4.43 4.10 1.71 1.28
14 500 15 15 4.26 4.26 1.70 1.73
15 400 15 25 2.24 2.33 1.94 1.36
16 400 10 15 2.21 2.29 1.05 1.33
17 400 5 25 1.76 2.19 1.26 1.14

Table 4. Second-order polynomial regression equations for microbial inactivation by HPP.

E. coli K12 L. innocua
R? 0.9613 0.9583
p-value 0.0004 (significant) 0.0005 (significant)
Y; =5.18 + 1.27A + 0.1388B + 0.6701C Y5 = 2.64 + 1.47A + 0.4820B + 0.4701C +
Equation ~ — 0.0680AB — 0.4538AC + 0.0585BC — 0.3727AB + 0.1440AC +0.2582BC +
0.9316A% — 0.7849B2 + 0.3824C2 0.6345A% — 0.4788B% — 0.0715C2

3.2.2. Effect of HPP Parameters on the Inactivation of E. coli and L. innocua

The three HPP processing parameters were pressure (A), processing time (B), and
processing temperature (C). Figure 2 depicts response surface plots that demonstrate the
correlations between the process parameters and E. coli K12 and L. innocua inactivation.
Pressure caused the most significant linear effect on the log reduction of E. coli K12 and
L. innocua, according to the ANOVA (Tables S3 and S4) (p < 0.05). At a fixed temperature
of 25 °C and processing time of 15 min, an elevation of pressure from 400 to 600 MPa
resulted in higher log reduction of both bacterial strains (Table 3). The ANOVA results also
showed that treatment temperature was more significant than treatment time for E. coli
K12 inactivation while the opposite results were obtained for L. innocua. Extension of
treatment time (5 to 15 min) did not significantly affect E. coli K12 log reduction (p < 0.05).

Increased pressure (400—600 MPa) and processing temperature (15-35 °C) led to better
bacterial elimination (Figure 2B,b). Moreover, the maximum pressure of 600 MPa assisted
with an elevated temperature of 35 °C gave the highest inactivation of both E. coli K12 and
L. innocua at 6.15 and 5.65 log reduction, respectively (Table 3). In general, HPP treatment
conducted above or below room temperature (20 °C) can enhance microbe inactivation
by altering bacterial strain resistance [34]. Treatment with HPP (375 MPa at 35 °C for
5 min) could increase the inactivation of E. coli O157:H7 by greater than 5 log reduction
compared to the same HPP conditions at 25 °C [35]. Similarly, HPP-treated (400 MPa,
2 min, 20 °C) carrot juice (pH 6.4) resulted in a 3-log reduction of L. innocua whereas the
inactivation ability was improved to more than 6 log reduction when the mild heat of
35 °C was applied [36]. These phenomena can be explained by the bacterial cells becoming
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more vulnerable to HPP when exposed to moderate heat due to the membrane phase
transition [37].
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Figure 2. 3D response surface graphs illustrating the effect of three HPP independent factors (pressure,
time, temperature) on the log reduction of E. coli K12 (a-c) and L. innocua (A-C).

Obviously, the resistance of the Gram-negative E. coli K12 and Gram-positive L. innocua
to HPP variables differed. At all HPP conditions, the log reduction of E. coli K12 was higher
than the log reduction of L. innocua (Table 3). Generally, Gram-negative bacterial cells
are more vulnerable to high pressure assisted by mild heat than Gram-positive bacteria
because the latter are surrounded by thicker layers of peptidoglycan [38].

Pressure was shown to be the most important parameter for the inactivation of both
bacteria strains. Our experiments on sublethal injury of E. coli K12 and L. innocua after
HPP treatment (Table S1) revealed that at 600 MPa and treatment time > 10 min no mi-
crobial cells were recovered on the selective medium (tryptic soy broth supplemented
with 2% (w/w) sodium chloride). Increases in the injury rate of E. coli (89.55-100%) and
L. innocua (78.93-100%) treated with HPP were detected when pressure increased from
400 MPa to 600 MPa. High pressure impacts microorganisms because of (i) alterations in
cell morphology, including disruption of membrane permeability and loss of membrane
durability; (ii) the inhibition of physiological functions and denaturation of functional
proteins leading to limited proton flow, reduced intracellular pH, inactivation of enzymes
responsible for synthesizing ATP, loss of functionality of membrane-bound enzymes, and
disintegration of ribosomes; and (iii) the alteration of genetic systems, causing genetic
materials to condense and degrade chromosomal DNA [39-43] The combination of high
pressure and mild elevated temperature (35 °C) inactivates pathogens more effectively
than pressure or temperature alone by damaging the bacterial cell membrane.

3.2.3. Optimization and Verification

The FDA regulations for fruit and vegetable juice pasteurization require that preserva-
tive treatment must achieve the inactivation of pathogenic bacteria or surrogate microor-
ganisms with more than 5 log reduction [44]. Therefore, in order to find out the predicted
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optimal HPP conditions, the responses for numerical optimization of HPP process parame-
ters were set to the range of greater than 5 log reductions of both bacterial strains. Table 5
reveals the predicted optimal conditions for HPP, which was then verified by validated
experiments to ensure that HPP could inactivate both bacteria to the target log reduction.
As a result, the validated experimental findings varied somewhat from the predicted values.
HPP treatment at 612 MPa, 11 min, and 36 °C effectively inactivated E. coli K12 and L.
innocua, resulting in 6.43 and 5.02 log reduction, respectively. Similar results were also
observed with pitaya juice, where the application of HPP at optimal conditions of 600 MPa
for 12 min could also achieve 5 log reduction of L. innocua [17].

Table 5. Predicted and validated values for bacterial inactivation.

Optimized Process Parameters Responses
Value A:Pressure B:Time  C:Temperature E.coliKl12log L.innocualog
P (min) Q) Reduction Reduction
Predicted 612.00 11.2 36.25 6.25 512
Validated 612.00 11.00 36.00 6.43 5.02
% error 0.00 1.78 0.69 1.42 1.95

3.3. Mechanism of HPP on Inactivation of E. coli K12 and L. innocua

The mechanism of HPP on microbial inactivation was elucidated by studying the
morphology of untreated, HPP-treated, and heat-treated bacterial cells using SEM and the
leakage of intracellular constituents. Figure 3 illustrates SEM micrographs of the surfaces
of E. coli K12 and L. innocua cells. The cells of untreated samples (Figure 3A,D) had smooth
and undamaged surfaces. By contrast, the surfaces of both strains of bacteria treated by
HPP exhibited severe damage to the cell membrane (Figure 3C,F). Cells treated only with
heat revealed mild defects on the surface (Figure 3B,E). Yang et al. (2012) observed cell
membrane rupture in E. coli caused by HPP (500 MPa/30 min/25 °C) [45]. Ritz et al.
(2002) reported that HPP (400 MPa, 10 °C, 20 min) induced scarring on the surface, loss of
membrane integrity, and decrease in membrane functionality in L. monocytogenes cells [46].

Figure 3. Morphology of E. coli K12 (A-C) and L. innocua (D-F) evaluated using SEM. (A,D): untreated
cells; (B,E): heat-treated samples (85 °C, 10 min); (C,F): HPP-treated samples (612 MPa, 11 min and

36 °C).
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Cell membrane damage after heat and HPP treatment caused leakage of the intracellu-
lar constituents. UV-Vis spectrophotometry was used to evaluate the leakage of nucleic
acid and protein at 260 and 280 nm, respectively (Figure 4). Differences in absorbance level
between untreated and treated samples revealed the release of nucleic acid and protein
through the broken cell membrane site into the supernatant. HPP caused significantly
higher amounts of leaked nucleic acid compared with the heat-treated sample. These
observations were consistent with the results of SEM experiments on morphology changes,
which also indicated that HPP caused more severe damage to the cell membranes of both
bacteria than heat treatment. Our study on sublethal injured cells of E. coli K12 and L.
innocua after HPP (600 MPa, 10 min) and heat (85 °C, 10 min) treatment (Table S1) revealed
that, although both these treatments were capable of achieving lethality of up to 5 log
reduction, HPP treatment resulted in a higher sublethal injury ratio (%) of bacterial cells
compared to heat treatment.
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0.06

< 0.05
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Figure 4. Effect of HPP (HPP-RGJ) and heat treatment (HT-RGJ) on the leakage of nucleic acid
(measured at 260 nm) and protein (measured at 280 nm) of E. coli (A) and L. innocua (B) compared
with the control sample (C-RG]J). Different letters indicate significantly different values among
treatments (p < 0.05).

The results of bacterial morphology and intracellular component leakage supported
the theory of HPP-mediated microbial inactivation. The structure of the bacterial cell wall
is constituted of peptidoglycans, which include N-acetylglucosamine, N-acetylmuramic
acid, and three amino acids (D-glutamic acid, D-alanine, and meso-diaminopimelic acid)
that coat the nuclear membrane. The genetic material is vulnerable to elevated temperature
and high pressure [43]. The cell membrane is the primary location of pressure injury in
microorganisms [11]. Microorganism inactivation mechanisms under pressure involve
modifying noncovalent electrostatic and hydrophobic interactions, resulting in the unfold-
ing of tertiary and quaternary enzyme and protein structures that are crucial for replication,
cellular integrity, and metabolism. Moreover, high pressure reduces cell volume, collapses
intracellular vacuoles, and disrupts or increases membrane permeability, resulting in the
loss of intracellular components like protein and nucleic acids [40].

3.4. Quality of RG] during 12 Weeks of Storage
3.4.1. Microbial Qualities

The mean populations of TPCt and YMC in fresh RG] were 3.02 & 0.01 log CFU/mL
and 3.21 & 0.04 log CFU/mL, respectively (Table 6). Inmediately after HPP treatment and
heat treatment, TPCt and YMC were significantly reduced below the level of detection
and remained unchanged during the storage period of 12 weeks. The prolonged microbial
shelf life of treated samples in this investigation can be explained by the lag phase period
of bacteria increasing as well as the growth rate of injured bacterial cells decreasing [47].
Furthermore, cold storage (4 °C) postponed the commencement of the growth phase of
pathogenic bacteria, induced inactivation of sub-lethally wounded cells, impeded bacte-
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rial spore germination, and prevented quality deterioration owing to residual enzymatic
reactions [48-51].

Table 6. Changes in the microbial population in untreated, HPP-treated, and heat-treated RG] during
storage at 4 °C.

TPCt (log CFU/mL) YMC (log CFU/mL)

Week C-RG]J HPP-RG]J HT-RGJ C-RG]J HPP-RG]J HT-RGJ
0 3.02 +0.011 nd n.d 321 +0.04k nd nd
1 3.77 £0.02h nd nd 328 +0.01; nd nd
2 491 +0.014 nd nd 550 + 0.01 ¢© n.d n.d
3 5.67 +0.04 2 nd nd 6.50 + 0.02 nd nd
4 5.66 + 0.022 nd nd 6.78 +0.032 nd nd
5 5.50 + 0.03 ¢ nd nd 6.77 +0.04 2 nd nd
6 5.51 +0.01°¢ nd nd 6.70 = 0.05 P nd nd
7 5.55 + 0.05 P nd nd 6.71+0.01b nd nd
8 4.89 +0.01°¢ nd nd 6.02 +0.07 4 nd nd
9 488 +0.01f nd nd 522 +0.01f nd nd
10 455+ 0.018 nd nd 5.03 4+ 0.01 8 nd nd
11 3.28 £0.091 nd nd 4324 0.01h nd nd
12 3.01 £ 0.02] nd n.d 421+ 0111 n.d n.d

C-RGJ: control sample; HPP-RG]: HPP-treated sample; HT-RG]J: heat-treated sample. n.d.: not detected. Different
superscripts represent significant differences (p < 0.05).

Treatment with HPP (450 and 600 MPa, 5 min) resulted in the inactivation of mesophiles,
yeast and molds, and lactic acid bacteria in apple juice, and the counts remained below the
detection limits over 12 weeks of storage [52]. The study of Stinco et al. (2019) reported that
carrot juice treated at the pressure of 450 MPa for 5 min resulted in no detection of total
aerobic mesophiles and yeast and mold viable cell numbers during 14 weeks [53]. Many
studies have shown that treatment by high pressure processing extended shelf life under
refrigerated storage for kiwi juice (42 days) [54], grape juice (20 days) [55], cucumber juice
(20 days) [15], and cloudy hawthorn berry juice (150 days) [56]. Overall, the results showed
that HPP treatment improved the safety and prolonged the shelf life of RGJ at 4 °C.

3.4.2. Physicochemical Qualities

The influences of HPP and heat treatment on the stability of pH and TA values of
RGJ during storage are shown in Figure 5A,B. TA (%) and pH values of the control RG]
samples were 26.05 4= 0.07 and 5.68 & 0.01, respectively. These values did not significantly
change after HPP treatment while thermal treatment increased TA and decreased pH
values. The research on wheat grass juice and on cucumber juice also reported that pH
and TA remained unchanged after HPP treatment [15,57]. HPP maintained the pH of juice
samples for 3 weeks of storage. The overall trend of sample pH values was downward,
whereas TA (%) increased gradually during the storage period. At week 12, the acidity
(%) of untreated, HPP-treated, and heat-treated samples had increased by 12.84%, 6.64%,
and 12.78%, respectively. Fresh cucumber juice had a similar pH to RG] at 5.7. The study
of Liu et al. (2016) also reported that HPP (500 MPa, 5 min) and high temperature short
time (110 °C, 8.6 s) decreased pH and increased TA in cucumber juice after 20 days of
refrigeration [15]. Similar findings on cucumber juice also revealed that the pH values of
HPP-treated (400 MPa, 4 min) and heat-treated (85 °C, 15 s) juice samples decreased with
refrigeration [58]. Depending on the nature of the juice matrix and pressure levels applied,
HPP caused the ionization of small molecules like H,O and weak acids, resulting in the
release of hydrogenic ions and increased juice acidity. Thus, compression of the foodstuff
influenced the pH and acidity levels [12,59].
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Figure 5. The effect of storage periods at 4 °C on pH (A), TA (%) (B), TSS (C), L* (D), a* (E), and
b* (F) of HPP-treated samples (HPP-RG]J), heat-treated samples (HT-RGJ), and the control sample
(C-R@G]J). Different uppercase letters represent significant differences (p < 0.05) between storage times.
Different lowercase letters represent significant differences (p < 0.05) between samples.

TSS did not vary significantly across samples throughout the 12 weeks of storage
(p > 0.05) (Figure 5C). Liu et al. (2016) found that HPP and HTST treatment resulted in
no significant influence on the TSS value of clear cucumber juice and TSS of all samples
remained unchanged during storage (4 °C) [15]. The result is also consistent with research
on cloudy cucumber juice [58] and clear apple juice [60].

The color of fruit juices is a key factor in determining consumer sensory acceptability
and marketability. The alteration in color parameters (L*, a*, and b*) of HPP and heat-
treated RG] during 12 weeks of storage were evaluated (Figure 5D-F). L*, a*, and b* values
of the control RG] samples were 20.14 4 0.01, 4.34 & 0.02, and -3.16 % 0.02, respectively.
After treatment, thermal pasteurization caused changes in RG] color by elevating the L*
and b* values and decreasing the a* value, turning the juice color from black-purple to
brown (Figure 6). By contrast, HPP treatment decreased L*, a*, and b* values. Throughout
the storage period, the L* and b* values of all samples gradually increased while the a*
value decreased. Similar L* value increases were observed in carrot juice during storage
(4 °C) [61] and in mulberry juices after thermal and HPP treatment [62]. The increase in L*
values was caused by the expulsion of air from the pulp tissue due to cell disruption by
pressurization or thermal action, thus making the juice lighter and more opaque [63,64].
All treatments resulted in an increase in the b* value (increase in yellowness) and decrease
in a* value (decrease in redness). These results concurred with studies on jabuticaba
juice [65] and cucumber juice [15]. Color changes in HPP-treated samples during storage
might be induced by the activities of PPO and POD enzymes, which cause discoloration
in polyphenols [63]. Overall, HPP preserved the natural color of RG] after treatment and
minimized color changes during storage. A study on pineapple juice reported that HHP
had a minor influence on the color of fruit products [66].
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Figure 6. Color of HPP-treated sample (HPP-RGJ), heat-treated sample (HT-RGJ), and control sample
(C-RGJ).

3.4.3. Phytochemical Qualities

Rice grass juice (RGJ) is a good source of bioactive components. The TPC, FRAP, and ABTS
values of initial RG] samples were 2520.24 + 67.44 (mgGAE/L), 31.87 4+ 0.35 (mmFe?* /L),
and 56.28 & 0.17 (mmTE/L), respectively. As shown in Figure 7, thermal treatment had an
intense impact on phenolic compounds and antioxidants in RGJ by decreasing TPC, FRAP,
and ABTS values by 36.23%, 41.20%, and 41.93%, respectively. By contrast, treatment with
high pressure from 400 to 600 MPa did not significantly affect the ABTS value and slightly
increased TPC in RG]J.
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Figure 7. The effect of storage period at 4 °C on TPC (A), FRAP (B), ABTS (C), TAC (D), and TCC
(E) of the HPP-treated sample (HPP-RG]J), the heat-treated sample (HT-RG]J), and the control sample
(C-R@G]J). Different uppercase letters represent significant differences (p < 0.05) between storage times.
Different lowercase letters represent significant differences (p < 0.05) between samples.

Black rice grass cultivars have high contents of pigmented compounds. The TAC
and TCC of fresh RG] were 322.47 4+ 2.76 mg/L and 25.82 £ 0.16 mg/L, respectively
(Figure 7D,E). Concurring with color changes in heat-treated RG] described previously,
thermal treatment significantly decreased both TAC and TCC by 62.89% and 55.77%, re-
spectively. The HPP-treated samples recorded an increase in TAC and TCC compared with
the control sample, consistent with the increase in TPC after HPP treatment. No significant
effects of HPP treatments on cyanidin-3-glucoside content were reported compared with
the control, with over 98% of cyanidin-3-glucoside content retained [67].

The increase in TPC, TAC, and TCC was related to the improved extractability of bioac-
tive components. Based on Le Chatelier’s theory, a system’s volume decreases throughout
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the pressure-promoting period. HPP promoted solvent penetration that integrated with
bioactive components by breaking the cell membranes and accelerating mass transfer by
increasing membrane permeability [68,69]. Based on the study of Lou et al. (2022), HPP
treatment made the microstructure of the cloudy hawthorn berry juice matrix looser, wrin-
kled, porous, and fractured, boosting the rate of phenolic compound extraction. They also
explained that the phenolic increase following HPP treatment was mostly attributable to
an increase in procyanidins and flavonoids [70].

The preservation effect of HPP on bioactive compounds can be explained by two
causes. High pressure from 400 to 600 MPa only impacts non-covalent bonds, with little
effect on phytochemical constituents that impart flavor, color, and nutritional compounds,
while uniform pressure is instantaneously transmitted across all dimensions of the food
products, regardless of their size and geometry [9,71].

During storage at 4 °C, the bioactive compound levels of fresh juice samples gradually
degraded, while HPP and heat treatment slowed down the degradation of phytochemical
constituents and maintained TPC, AOA, TAC, and TCC values due to effective enzyme
inactivation. Results of the enzyme inactivation experiments (Table S2) indicated that
HPP inactivated peroxidase (POD) and polyphenol oxidase (PPO) in RG] with decreases
of 38.96% and 23.08%, respectively, while heat treatment completely inactivated enzyme
activities. A study on cloudy apple juice indicated that the optimal pressure was 600 MPa
to retain the content of flavonoids and other polyphenols while reducing the activity of
polyphenoloxidase and peroxidase [72].

3.5. Phytochemical Profiles

The phytochemical profiles of the control sample (C-RG]J), HPP-treated sample (HPP-
RGJ), and heat-treated sample (HT-RG]J) were compared with commercially available wheat
grass juice (WG]) and barley grass juice (BGJ) samples (Table 7). Results showed that RG]
was a good source of phytochemical compounds. Compared to fresh RGJ, heat treatment
caused significant degradation of the 11 phenolic compounds. HPP application preserved
most of the contained compounds and also increased the contents of some polyphenols
including protocatechuic acid, 4-hydroxybenzoic acid, syringic acid, transcinnamic acid,
isorhamnetin-3-o-glucoside, quercetin, and cyanidin-3-glucoside compared with the con-
trol samples, consistent with the increases in TPC and TAC in the HPP-treated samples
mentioned previously. HPP promoted increased concentrations of some polyphenols in
cloudy apple juice such as p-coumaroylquinic acid, caffeoylquinic acid isomer, chlorogenic
acid, (-)-epicatechin, phloridzin, phloretin 2-o-xylosylglucoside, procyanidin B2, and pro-
cyanidin C1. Improved extraction and determination of bioactive compounds after HPP
treatment were achieved because the high pressure broke the cell membrane, leading to
better solvent penetration and membrane permeability [56,73].

Table 7. Phytochemical profiles of the control sample (C-RG]J), HPP-treated sample (HPP-RG]), and
heat-treated sample (HT-RG]J) compared with commercially available wheat grass juice (WG]) and
barley grass juice (BGJ).

Phenolic Compound C-RGJ HPP-RG] HT-RG]J WG] BG]J
Gallic acid 22.07 +0.022 18.94 4+ 0.01 P 2.97 +0.03 21340014 1.84 +0.02¢
Protocatechuic acid 6.69 +0.212 9.26 +0.01P 6.76 + 0.01¢ 0.65 4+ 0.03 4 0.55 4+ 0.02 ¢
4-Hydroxybenzoic acid 12.36 +0.02 10.91 +0.01° 1.83 +0.01¢ 0.64 +0.224 0.96 +0.01 ¢
Chlorogenic acid 26.74 +0.032 25.74 + 0.03 14.33 £ 0.04 € 13.25 £ 0.01 4 12.87 £ 0.07 ¢
Vanillic acid 13.1+£0.112 14.52 +0.02 b 1.00 £ 0.01 ¢ 0.39 £ 0.02¢4 0.22 £0.01¢
Syringic acid 10.14 +0.02 @ 146.57 +0.01° 146.99 + 0.07 68.49 + 0.06 4 39.05 £ 0.01°¢
p-coumaric acid 686.57 £0.01 673.32 4+ 0.01° 12.67 +£0.01 ¢ n.d 9.61 £0.01°¢
Ferulic acid 254.59 +0.022 254.64 + 0.012 35.97 4 0.02 P 453 4+0.03 6.5+0.014
Transcinnamic acid 1.3 4 0.02 be 3.4340.022 1.25 +£0.01 ¢ 2.52 4+ 0222 2.07 + 0.04 2P

Catechin 733 £0.022 1222 +£0.01b 51.38 + 0.02 € n.d n.d
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Table 7. Cont.

Phenolic Compound C-RG]J HPP-RG]J HT-RG] WG] BG]J
Rutin 10.12 £0.022 11.22 +0.03® 137.31 +£0.02°¢ 2.93 +0.024 3.64 £0.01¢
Isorhamnetin-3-o-glucoside 2795+0.01° 102.02 + 0.07® 100.14 +0.02 ¢ n.d n.d
Quercetin 9.85+0.012 1143 +£0.01° 2.03+0.05¢ 41240014 n.d
Naringenin 115.81 +0.07 @ 88.79 +0.02° 39.04 £0.13 ¢ 137.03 £ 0.12 4 0.59 +0.01 ¢
Cyanidin-3-glucoside 2.26 +0.052 7.01 4+ 0.04P 0.73+0.01° n.d nd
Peonidin-3-glucoside n.d n.d nd n.d nd

Different superscripts represent significant differences (p < 0.05). n.d: not detected.

The commercially available wheat grass juice and barley grass juice samples did not
contain catechin, isorhamnetin-3-o-glucoside, naringenin, or two anthocyanin compounds
including cyanidin-3-glucoside and peonidin-3-glucoside. Black RG] revealed a 2 to 10-fold
higher content of most phytochemicals determined in this study compared to the two
commercial products. This result concurred with Khanthapoka et al. (2015) who reported
that RGJ from a black-color rice cultivar exhibited higher TPC and AOA compared to a
wheat grass juice sample [5].

4. Conclusions

High pressure processing is an innovative non-thermal processing technique which is
useful for industrial processing of fruit and vegetable juices. This study reports that HPP at
612 MPa, 11 min and 36 °C was determined to be the optimal condition to inactivate E. coli
and L. innocua for more than 5 log reduction in RG], meeting the regulations of the FDA.
HPP treatment at the optimal condition could prolong the microbial shelf life of RG] by at
least 12 weeks. This technique also preserved both the physicochemical and phytochem-
ical properties during storage at 4 °C, unlike heat treatment (85 °C/10 min). Moreover,
HPP-treated RG] contained significantly higher phytochemical amounts compared with
commercially available wheat grass juice and barley grass juice. The results reveal that high
pressure processing is a potential alternative to thermal pasteurization in improving the
shelf life and preserving the nutritional quality of low-acidity juice. Therefore, this finding
suggests the possibility of developing a new functional cereal beverage preserved by HPP
from pigmented rice grass. However, incomplete enzyme inactivation was the limitation of
HPP, which caused the deterioration of bioactive compounds during long-term storage.
Thus, more in-depth study on this issue is necessary in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13182995/51, Table S1: Sublethal injury ratio (%) of E. coli and
L. innocua in HT-treated and HPP-treated RGJ; Table S2: Changes in enzyme activity in untreated,
HPP-treated, and heat-treated RG] during storage at 4 °C; Table S3: ANOVA of the effect of HPP
variables on E. coli K12 log reduction; Table S4: ANOVA of the effect of HPP variables on L. innocua
log reduction.
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Abstract: Food contact surfaces can harbor and transmit pathogens leading to outbreaks. Decontam-
ination strategies that are user- and environmentally-friendly without toxic by-product formation
are needed. Novel UV-C light-emitting diode (LED) technologies are being explored to deliver the
required dose to inactivate viruses in food-processing environments. The objective of this study
was to compare the effects of 279 nm UV-C LED to 254 nm UV-C against hepatitis A virus (HAV)
and feline calicivirus (FCV, a cultivable human norovirus surrogate) on stainless-steel, ceramic, and
glass surfaces. Viruses were surface spread on sterile stainless-steel or ceramic coupons (100 pL on
2 x 2 cm?), or glass discs (50 pLon 1 x 1 cm?), air-dried, and UV-C-treated for up to 3.75 min (surface
dose = 0-49.2 mJ/cm? for HAV and 0-24.6 m]/cm? for FCV). Each triplicate treatment was assayed in
duplicate, and data were statistically analyzed. The Djp-values for HAV treated with UV-C at 254 nm
on stainless-steel, ceramic, and glass were 9.48 + 0.34, 14.53 £ 2.52, and 6.91 &+ 1.93 mJ/ cm?, while
with UV-C LED at 279 nm were 19.53 + 2.45, 26.05 + 0.60, and 8.77 =+ 2.08 m]/cm?, respectively.
The Dyp-values for FCV treated with UV-C at 254 nm on stainless-steel, ceramic, and glass were
3.65 £ 0.06, 6.25 & 1.90, and 4.69 + 0.03 mJ/cm?, while with UV-C LED at 279 nm were 7.097 + 2.11,
8.31 £+ 2.12, and 7.88 + 0.86 mJ/cm?, respectively. Higher 279 nm UV-C doses were needed to
inactivate HAV and FCV compared to 254 nm UV-C on the tested surfaces. Novel UV-C LED systems
using appropriate doses show promise to inactivate foodborne viruses on food contact surfaces.

Keywords: Hepatitis A virus; human norovirus; feline calicivirus; ultraviolet light systems; inactivation;
food contact surfaces

1. Introduction

Environmental sanitation is of major importance to the agricultural industry and public
health sector as contamination by bacteria, viruses, parasites, or fungi can cause foodborne
illnesses affecting 1 in 6 individuals in the United States annually, with 128,000 hospital-
izations out of the estimated 48 million illnesses each year [1]. Though Salmonella is most
frequently reported with 1.35 million infections and 26,500 hospitalizations in the United
States annually, foodborne viruses are also increasingly reported to cause human gastroen-
teritis illnesses worldwide [1]. Hepatitis A virus (HAV) and human noroviruses (HuNoVs)
are the epidemiologically significant foodborne viruses of human health concern [2,3].
Hepatitis A virus (HAV) is a non-enveloped, single-stranded RNA virus of the genus
Hepatovirus in the family Picornaviridae that is transmitted through the fecal-oral route and
affects the liver with symptoms that last more than a month [4]. Contact with an HAV in-
fected individual, contamination of food by an HAV infected food handler, or contaminated
surfaces can lead to illness as HAV can survive in the environment for extended periods
and under low pH conditions [5]. Although, effective HAV vaccinations were introduced
in 1995 with a decrease in number of HAV outbreaks, they continue to occur worldwide [6].
As of August 2023, in the U.S. alone, HAV outbreaks were reported in 37 states totaling
44,903 cases, 27,435 hospitalizations, and 423 deaths linked to person-to-person contact [2].
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While HAV surveillance is important due to the severity and length of disease symp-
toms, HuNoV illnesses are the most frequently reported foodborne illness with 21 million
illnesses occurring annually in the U.S. [7]. HuNoV’s belong to the Caliciviridae family and
like HAV are also non-enveloped with a positive-sense, single-stranded RNA enclosed
in a capsid, but have a “cup-like” shape and though are transmitted in a similar manner
as HAV, have a short incubation period [8]. They are also environmentally stable and
possess an infection dose between 18 and 2,800 particles which makes prevention of its
spread extremely difficult, especially in the absence of commercially available vaccines [9].
Although HuNoV infection is typically self-limiting in healthy individuals, severe health
complications can occur in immunocompromised individuals, the elderly, and young
children [8]. Foodborne HuNoV outbreaks continue to occur and a multistate HuNoV
outbreak linked to raw oysters was reported between November and December of 2022
in Texas, U.S. [7] and in British Columbia with 192 illnesses as of June 2022 [7]. Since all
genogroups of HuNoV’s cannot reproducibly be cultivated in the laboratory at high titers
for inactivation studies, cultivable surrogates including feline calicivirus (FCV-F9), murine
norovirus (MNV-1) and Tulane virus (TV) have been used [10-12].

The importance of sanitation of food contact surfaces in the prevention of foodborne
outbreak spread is well-recognized within the food industry. Commonly used chemical
disinfectants include chlorine, quaternary ammonium, hydrogen peroxide, and peracetic
acid [13-15], but can generate hazardous waste and harmful by-products. An alternate
surface disinfection approach is the application of ultraviolet (UV) light-C technology in
the range of 200 to 280 nm, traditionally using low-pressure mercury lamps (typically
at 254 nm), for inactivation of microorganisms [16,17]. UV-C damages DNA and RNA
due to photochemical changes, cross-linking, and oxidative damage and prevents DNA
replication [18]. The genetic material within viral capsids are strong absorbers of UV
radiation, especially near the 254 nm wavelength, whereas other viral components such as
proteins are minor absorbers of UV radiation at this wavelength [19]. Research indicates
that UV-C at 254 nm inactivation follows a dose-dependent relationship with varying
effects depending on the type of microorganism [20]. Previous studies showed that dried
FCV on stainless-steel discs was completely inactivated (>5.0 log) at a 254 nm UV-C dose
of 60 mJ/cm? [21]. Another study reported a 2.6 log reduction of HAV on stainless-steel
surfaces with 300 mJ/cm? using 254 nm UV-C [22].

However, more recently, UV-C light emitting diodes (LEDs) have become widely
studied as a decontamination approach with energy efficient inactivation of microor-
ganisms [23-25]. LEDs possess intrinsic properties regarding optical features, are more
sustainable, portable, inexpensive with low heat emission, have increased wavelength
diversity, do not require a warmup time, and without hazardous waste generation due to
their lack of mercury as opposed to traditional UV-C mercury containing lamps [26]. UV-C
LEDs can be designed to have a peak wavelength close to absorption maxima of DNA and
RNA or proteins [23].

There is limited research on the use of UV-C LED at varying wavelengths such as
279 nm for the inactivation of foodborne viruses on contact surfaces. Previously, the HuNoV
surrogate, feline calicivirus (FCV-F9) on stainless-steel surfaces was shown to be reduced
by 3 log PFU/disc using UV-C LED technology at 269 nm at a dose of 22.5 m]J/cm? [27].
Furthermore, the dose required to achieve a 1 log or 90% reduction (Dyg-value) of FCV
on Formica coupons was reported to be 23.37 + 0.91 m]J/cm? using UV-C LED at 279 nm
and 9.97 + 2.44 mJ/cm? using UV-C at 254 nm [28]. This same study also showed that
HAV on Formica coupons had similar Dyg-values using both traditional UV-C at 254 nm
(D1 = 12.40 + 1.15 mJ/cm?) and UV-C LED at 279 nm (Dyg = 12.39 & 0.70 mJ /cm?) [28].
Taken together, UV-C LED at 279 nm shows promise for inactivation of viruses on surfaces
with its advantages over traditional UV-C at 254 nm. Therefore, this aimed to evaluate
the effectiveness of UV-C LED at 279 nm in comparison to traditional UV-C at 254 nm for
the inactivation of HAV and the cultivable human norovirus surrogate, FCV-F9 dried on
stainless-steel, ceramic and glass surfaces as model food contact surfaces.
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2. Materials and Methods
2.1. Animal Host Cell Lines for HAV and FCV Propagation

Fetal rhesus monkey kidney cells (FRHK-4) were used as host cells for the propagation
of HAV-HM175 generously provided by Dr. Kalmia Kniel’s laboratory (University of
Delaware), and Crandell-Reese Feline Kidney (CRFK) cells were used as host cells for
the propagation of FCV-F9, obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA), as reported in our earlier studies [11,29]. Dulbecco’s Modified
Eagle Medium (DMEM-F12) containing 10% fetal bovine serum (FBS) and 1% Penicillin
Streptomycin (Pen-Strep) (PS; Fisher Scientific, Pittsburgh, PA, USA) were used to maintain
and propagate both cell lines.

2.2. HAV and FCV Propagation

Previously published protocols were used to propagate HAV and FCV [11,29,30].
Briefly, 2 mL of HAV (strain HM175), generously provided by Dr. Kalmia Kniel’s laboratory
(University of Delaware), was added to confluent FRHK-4 cells within sterile 175 cm?
cell-culture flasks along with 8 mL DMEM-F12 containing 2% FBS and 1% Pen-Strep and
incubated at 37 °C for three hours in a CO, incubator with 5% CO,. This was followed
by the addition of 10 mL DMEM-F12 containing 10% FBS and 1% Pen-Strep. The infected
flasks were then incubated for five to seven days, within a water-jacketed incubator under
5% COy. Once cytopathic effects were observed, the infected flasks were frozen within a
—80 °C freezer and freeze-thawed thrice, centrifuged at 5000 rpm for 10 min and filtered
through a 0.2-micron filter to be stored back at —80 °C for subsequent use as additional
HAV stock as reported before [12].

Similarly, to the cultivation of the previously mentioned FRHK-4 cells and infection of
HAV, confluent CRFK cells within sterile 175 cm? cell-culture flasks were infected with 2 mL
of FCV-F9 stock (purchased from ATCC) and 8 mL DMEM with 2% FBS and 1% Pen-Strep
and incubated at 37 °C for three hours, followed by the addition of 10 mL. DMEM-F12
containing 10% FBS and 1% Pen-Strep and incubated for three to five days, within a water-
jacketed incubator under 5% CO; until cytopathic effects were observed. The infected
flasks were then freeze-thawed thrice, centrifuged and filtered through a 0.2-micron filter
to be stored back at —80 °C for subsequent use as additional FCV-F9 stock as reported
earlier [11].

2.3. UV-C LED (279 nm) Treatment of HAV and FCV Inoculated and Dried on Stainless-Steel
Coupons, Ceramic Coupons, and Glass Discs

Stainless-steel coupons (Biosurface Technologies, via Fisher Scientific, Pittsburgh, PA,
USA, type 304, finish 2B; 2 x 2 cmz) or ceramic tiles/coupons (Home Depot; 2 x 2 sz) or
glass discs (Biosurface Technologies; 1 x 1 cm?) were surface rinsed with ethanol, dried,
wrapped with aluminum foil and sterilized by autoclaving. These sterile coupons or discs
were placed within sterile petri dishes within a biosafety hood (254 nm UV-C mercury lamp,
Labconco Purifier Class II Biosafety cabinet, 36208 020421542 A, Kansas City, MO, USA)
and surface decontaminated using 254 nm UV-C light for 10 min as described in earlier
studies [28]. Then, 100 uL of either HAV (~5.5 log PFU/mL) or FCV (~6.0 log PFU/mL)
in cell-culture grade phosphate buffered saline (pH 7.2, Fisher Scientific) were aseptically
spread onto individual sterile coupons (2 x 2 cm? area of stainless- steel or ceramic) or
50 uL were spread on glass discs (1 x 1 cm? area) and allowed to dry within the biosafety
hood for another 10 min for stainless-steel and ceramic coupons or overnight for glass discs
(at an ambient temperature of 23 °C and 43% relative humidity) and exposed to various
UV doses/treatment times as described below.

UV-C LED (MD 1016-1, Irtronix, Torrence, CA, USA) emits at a peak wavelength of
279 nm. For treatments, the sum of the 10-12 nm full width at half maximum output
irradiance and corresponding wavelength absorption spectra were considered for average
delivered UV dose irradiance calculation. The exposures were conducted for up to 2.5 min
for HAV on stainless-steel coupons using 30 s intervals (0-150 s), 3.75 min for HAV on
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ceramic coupons using 45 s intervals (0-225 s), and up to 1.0 min for HAV on glass using
10 s intervals until 40 s, followed by a 20 s interval (0-60 s). Treatments up to 1.25 min for
FCV on stainless-steel coupons using 15 s intervals (0-75 s), 2.5 min for FCV on ceramic
coupons using 30 s intervals (0-150 s), and up to 1.0 min for FCV on glass using 10 s
intervals until 40 s, followed by a 20 s interval (0-60 s) (279 nm, 6.5 cm from sample,
Surface irradiance = 0.328 mW/cm?, HAV surface dose = 0—-49.2 mJ /cm? on stainless-steel,
0-73.8 mJ/cm? on ceramic, 0-19.68 mJ/cm? on glass; FCV surface dose = 0-24.6 mJ/ cm? for
stainless-steel, 0—49.2 mJ/cm? on ceramic, and 0-19.68 mJ/cm? on glass). Each experiment
was replicated three times for each treatment condition/exposure time/UV dose.

Viruses from the inoculated control (0-min) ceramic and stainless-steel coupons as
well as the UV-C LED exposed treated coupons were then aseptically recovered using
750 uL DMEM-F12 containing 2% FBS and 1% Pen-strep that served as an eluant for HAV
or FCV and aseptically added to sterile 2 mL centrifuge tubes. Viruses from the inoculated
control (0-min) glass discs as well as the UV-C LED exposed treatments were aseptically
recovered by placing the glass disc within a 15 mL sterile centrifuge tube containing 9 mL
DMEM-F12 with 2% FBS and 1% Pen-strep that served as an eluant for HAV and FCV. The
recovered viruses were ten-fold serially diluted using DMEM-F12 containing 2% FBS and
1% Pen-Strep. The viral infectivity was determined using viral plaque assays in duplicate
for each ten-fold dilution for each treatment type and treatment time/dose.

2.4. UV-C (254 nm) Treatment of HAV and FCV Inoculated and Dried on Stainless-Steel Coupons,
Ceramic Coupons and Glass Discs

Similar to UV-C LED treatments of viruses, sterile stainless-steel and ceramic coupons
or glass discs were placed within sterile petri dishes within a biosafety hood (254 nm,
Labconco Purifier Class II Biosafety cabinet, 36208 020421542 A, Kansas City, MO, USA) for
surface decontamination using 254 nm UV-C light for 10 min and 100 pL of either HAV
(~5.51log PFU/mL) or FCV (~6.0 log PFU/mL) were spread on stainless-steel or ceramic
discs or 50 uL of each virus were aseptically spread on glass discs and allowed to dry within
the biosafety hood for 10 min for the coupons and overnight for the discs (at an ambient
temperature of 23 °C and 43% relative humidity). The UV-C at 254 nm lamp was turned on
for a 10-min warm-up time before treatments were conducted. UV-C hood light treatments
at 254 nm (254 nm, 55.88 cm /22 inches from sample, Surface irradiance = 0.217 mW/ cm?,
HAV surface dose = 0-32.55 mJ/cm? for stainless-steel, 0-48.83 m]J/cm? for ceramic,
0-13.02 mJ/ cm? for glass; FCV surface dose = 0-16.28 m]J/ cm? for stainless-steel and
ceramic, and 0-13.02 mJ/cm? for glass) were conducted for up to 2.5 min for HAV on
stainless-steel coupons using 30 s intervals (0-150 s), 3.75 min for HAV on ceramic coupons
using 45 s intervals (0-225 s), treatments for up to 1.25 min for FCV on stainless-steel
coupons and ceramic coupons using 15 s intervals (0-75 s), and 1 min treatment for both
HAV and FCV on glass discs with 10 s intervals until 40 s followed by a 20 s interval
until 1 min (0-60 s). Using the same methods reported above for UV-C LED in Section 2.3,
viruses from both the 0-min control and the UV-C 254 nm treatments were recovered, and
viral plaque assay was performed in duplicate for each of the three replicates for each
treatment condition.

2.5. Infectious Plaque Assays

Standard plaque assays in 6-well plates containing confluent host cells were used
to determine the infectivity of both viruses [28]. Briefly, the confluent host FRhK-4 cells
were infected with 500 pL of ten-fold serially diluted recovered HAV from control and
treated coupons. After infection, the plates were incubated at 37 °C and 5% CO, for 2.5
h. Then, the media was aspirated, and the infected cells were overlaid with 2 mL per well
of a 1:1 ratio of 1.5% Noble agar and HAV overlay medium [28]. After the overlay, the
plates were stored for 72-120 h at 37 °C and 5% CO; until visualization and enumeration
of plaques, and recovered viruses were reported as log PFU/mL [12,28].
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Similarly, confluent host CRFK cells in 6-well plates were infected with 500 uL of
ten-fold serially diluted FCV recovered from control and treated coupons. After infection,
the plates were incubated at 37 °C and 5% CO; for 2.5 h, and the media was then aspirated.
The infected cells were overlaid with 2 mL per well of a 1:1 ratio of 1.5% Noble agar and
2x FCV overlay medium as reported earlier [11,28]. After the overlay, the plates were
stored for 72-120 h in the CO; incubator at 37 °C and 5% CO, until visualization and
enumeration of plaques.

2.6. UV-C Dose Calculation

Surface irradiances for the UV-C LED at 279 nm device were measured and calculated
using a highly sensitive spectrophotometer (QE Pro series, Ocean Optics, Dunedin, FL,
USA) within the exposure area, as discussed previously [31,32]. Surface irradiances for the
UV-C at 254 nm system were measured using an International Light Technologies (ILT)
research radiometer (ILT5000, SED033/F/W, International Light Technologies, Peabody,
MA, USA) which was equipped with a light meter, sensor, filter, optic, and calibration.
The surface dose was calculated using the UV intensity and various exposure time (s)
as reported in previous studies [24,28,32]. The calculated UV intensity for the UV-C
(254 nm) was 0.217 mW /cm? and the UV intensity of the UV-C LED was 0.328 mW/ cm?,
as calculated using Equation (1) [31].

Surface UV-C dosage (m]/ cm?) = UV intensity (mW/ cm?) x exposure time (s) (1)

2.7. Surface Roughness Measurements

For each surface type, the surface roughness was measured and reported using a
portable tester SJ-210 by Mitutoyo (Sakado, Takatsu-Ku, Kawasaki, Kanagawa, Japan) at
Tennessee State University (Nashville, TN, USA) as described in previous studies, using
the SJ-210 V.1.210 software with standard configurations [32]. Briefly, as described earlier,
the constant measurement conditions (Lc-0.1 in, Ls-0.000813 cm, Sampling lengths (N)-
4, Prelength-OFF, Pitch-0.000150 cm) were used for all the measurements and with a
0.0508 cm /s probe (sensor) speed. Similar to previous reports, the surface roughness (um)
of stainless-steel and ceramic coupons as well as glass discs were measured for an average
of 3 sampling lengths/periods [32].

2.8. Statistical Analysis

A two-way ANOVA statistical test with Tukey’s adjustments (p < 0.05) using JMP v.17
was used to analyze the significant differences between the systems, surfaces, and their
interactions for each tested virus. No random effects were introduced. A Shapiro-Wilk W
and QQ normality plots were used to evaluate the normality of ANOVA residuals. All
statistical assumptions regarding normality were met. Excel® was used to determine the
Djp-values from linear models as reported earlier [28].

3. Results
3.1. Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 254 nm

HAV on stainless-steel coupons treated with UV-C at 254 nm showed reduction
between 1.26 to 3.63 log PFU after treatment times of 0.5 min to 2.5 min (corresponding
to doses of 6.51-32.55 mJ/cm?), respectively (Table S1 and Figure 1). HAV titers were
significantly reduced (p < 0.05) by 1.26 4+ 0.07 log PFU compared to the control after
treatment for 0.5 min and was further reduced by 2.53 &£ 0.05 log PFU after 1 min treatment
and by 3.50 £ 0.16 log PFU after 2 min treatment, followed by a tailing effect in reduction
that occurred past the 2 min treatment with UV-C at 254 nm (Figure 1). The calculated
Djq-value (m]/cm?) for the dose required to achieve a 1 log reduction of HAV using 254 nm
UV-C on stainless-steel surfaces was 9.48 + 0.34 mJ/cm? as shown in Table 1.
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Figure 1. Inactivation of HAV by UV-C at 254 nm on (A) Stainless-steel; (B) Ceramic; and (C) Glass
surfaces. Corresponding Linear 1Djg-values for HAV on stainless-steel surfaces = 9.48 m]J/ cm?;
Linear 2Dy = 18.96 mJ/cm?; Linear 3Dy = 28.44 mJ/cm?; Linear 1Dqg-values for HAV on ceramic
surfaces = 14.53 mJ/cm?; Linear 2D = 29.07 mJ/cm?; Linear 3D = 43.60 mJ/cm?; and on glass discs
linear 1D;g-values = 6.91 mJ/cm?; Linear 2D;g = 13.81 mJ/cm?; Linear 3Dy = 20.72 mJ/cm?.

FCV on stainless-steel coupons treated with UV-C at 254 nm showed reduction between
1.1 to 4.8 log PFU after 0.25 to 1.25 min (corresponding to doses of 3.26-16.28 m]/cm?),
respectively (Table S2 and Figure 2). There was significant reduction in FCV titers compared
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to the control after each treatment time (p < 0.05). The calculated Dyp-value (m]/cm?) for 1 log
reduction of FCV on stainless-steel coupons was 3.65 + 0.06 mJ/cm? as shown in Table 2.
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Figure 2. Inactivation of FCV by UV-C at 254 nm on (A) Stainless-steel; (B) Ceramic; and (C) Glass
surfaces. Corresponding Linear 1Djg-values for FCV on stainless-steel = 3.65 m]J/ cm?; Linear
2Dy = 7.3 mJ /cm?Z; Linear 3Dy = 10.95 mJ /cm?2; Linear 1D-values for FCV on ceramic = 5.92 mJ/cm?;
Linear 2D = 11.85 mJ/cm?; Linear 3D = 17.78 mJ/cm?; and Linear 1Djq-values for FCV on glass
surfaces = 4.69 mJ/cm?; Linear 2D = 9.38 mJ/cm?; Linear 3D = 14.06 mJ/cm?.
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Table 1. Dyp-values (m]/cm?) and D-values (min) of HAV treated with either UV-C (254 nm) or UV-C
LED (279 nm) on model food contact surface coupons.

Surface Type UV-C LED System (279 nm) UV-C LED System (279 nm) UV-C (254 nm) UV-C (254 nm)

yp D1-Value (m]J/cm?) D-Value (min) D1¢-Value (m]J/cm?) D-Value (min)
Stainless-steel 19.53 + 2.45 AP 1.0 £0.12 AP 9.48 + 0.34 BP 0.73 4 0.03 Bb
Ceramic 26.04 + 0.60 A2 1.3 £ 0.03 A2 14.53 4+ 2.52 Ba 1.1+0.128
Glass 8.77 + 2.08 Ac 0.47 4+ 0.11 Be 6.91 4+ 1.93Bb 0.56 + 0.16 AP

Capital letters denote statistically significant differences when compared across one row between UV-C systems
(p < 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium
(one column) (p < 0.05). Data are reported as averages of triplicate treatments 4= standard deviations; Note: both
optical devices have different UV intensities.

Table 2. Dyg-values (m]/cm?) and D-values (min) of FCV treated with either UV-C (254 nm) or UV-C
LED (279 nm) on three model food contact surface coupons.

Surface Type UV-C LED System (279 nm) UV-C LED System (279 nm) UV-C (254 nm) UV-C (254 nm)
P D1-Value (mJ/cm?) D-Value (min) D1o-Value (m]J/cm?) D-Value (min)
Stainless-steel 7.097 4+ 2.11 Aa 0.38 £ 0.11 A2 3.65 + 0.06 B2 0.28 + 0.001 Ba
Ceramic 831 +2124a 1.37 4 (.34 Ba 5.92 +1.90 Ba 1.45 + 0.48 A2
Glass 7.82 +0.86 A2 0.40 + 0.05 A2 4.69 £+ 0.03 B2 0.36 + 0.001 Ba

Capital letters denote statistically significant differences when compared across one row between UV-C systems
(p < 0.05). Lowercase letters denote statistically significant differences when compared down a treatment medium
(one column) (p < 0.05). Data represent averages of triplicate treatments & standard deviations; both optical
devices have different UV intensities.

3.2. Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 254 nm

HAYV on ceramic coupons treated with UV-C at 254 nm after 0.75 min to 3.75 min
(corresponding to doses of 9.77-48.83 m] /cm?) showed reduction between 1.52 to 3.35 log
PFU, respectively (Table S3 and Figure 1). There was significant reduction in HAV titers
after 0.75 min treatment of 1.52 + 0.12 log PFU, and after 1.5 min and 2.25 min treatment
of 2.32 £ 0.11 and 3.30 & 0.13 log PFU, respectively (p < 0.05), though tailing effects in
reduction were observed after 2.25 min of exposure (Figure 1). The calculated Djp-value
(mJ/cm?) for 1 log reduction of HAV on ceramic coupons was 14.53 £ 2.52 mJ/ cm? as
shown in Table 1.

FCV on ceramic coupons treated with UV-C at 254 nm showed reduction between
0.77 to 2.67 log PFU after treatment for 0.25 min to 1.25 min (corresponding to doses of
3.26-16.28 m] /cm?), respectively (Table S4 and Figure 2). There was significant reduction in
FCV titers of 0.77 £ 0.07 log PFU after 0.25 min treatment, 1.46 =+ 0.03 log PFU reduction af-
ter 0.5 min treatment, and 2.28 % 0.07 log PFU reduction after 0.75 min treatment (p < 0.05),
though the reduction tailed after 0.75 min of exposure (Figure 2). The calculated D;p-value
(m]/cm?) for 1 log reduction of FCV on ceramic coupons was 6.25 + 1.90 mJ/cm? using
UV-C at 254 nm, as shown in Table 2.

3.3. Inactivation of HAV and FCV on Glass Discs Using UV-C at 254 nm

HAV on glass discs treated with UV-C at 254 nm for 0.17 to 1.0 min (corresponding to
doses of 2.17-13.02 m]/cm?) showed reduction between 0.85 to 2.09 log PFU, respectively
(Table S5 and Figure 1). There was significant reduction in HAV titers of 0.85 & 0.02 log
PFU after 0.17 min treatment, with 1.3 £ 0.10 and 2.09 £ 0.10 log PFU reduction after
0.33- and 1-min treatment, respectively (p < 0.05). The calculated Dyp-value (m]/cm?) to
achieve a 1 log reduction of HAV on glass discs was 6.91 £ 1.93 mJ/cm? using UV-C at
254 nm, as shown in Table 1.

FCV on glass discs showed reduction between 0.98 to 2.86 log PFU after treatment
with UV-C at 254 nm for 0.17 to 1.0 min (corresponding to doses of 2.17-13.02 mJ /cm?),
respectively (Table S6 and Figure 2). There was significant reduction in FCV titers after all
times of exposure (0.17, 0.33, 0.5, 0.67 min) until 0.67 min, where tailing reduction began
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(p < 0.05) (Figure 2). The calculated Djp-value (m]J/ cm?) to achieve a 1 log reduction of
FCV on glass discs was 4.69 & 0.03 mJ /cm? using UV-C at 254 nm, as shown in Table 2.

3.4. Inactivation of HAV and FCV on Stainless-Steel Coupons Using UV-C at 279 nm

HAV on stainless-steel coupons showed reduction between 1.2 to 2.75 log PFU after
treatment for 0.5 min to 2.5 min (corresponding to doses of 9.84-49.2 mJ /cm?) with UV-C
LED at 279 nm (Table S1 and Figure 3). There was significant reduction in HAV titers of
1.20 £ 0.07 log PFU after 0.5 min treatment from the control, with 1.96 £ 0.02 log PFU
reduction after 1.5 min treatment and further reduction of 2.75 & 0.15 log PFU/mL after
2.5 min treatment. The calculated Dyp-value (mJ/cm?) required to achieve a 1 log reduction
of HAV on stainless-steel coupons was 19.53 + 2.45 mJ/cm? using UV-C at 279 nm, as
shown in Table 1.

HAV inactivation by UV-C LED at
279 nm on stainless-steel coupons
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HAV inactivation by UV-C LED at
279 nm on glass discs
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Figure 3. Inactivation of HAV by UV-C LED at 279 nm on (A) Stainless-steel; (B) Ceramic;
and (C) Glass surfaces. Corresponding Linear 1Djg-values for HAV on stainless-steel surfaces
19.53 mJ/cm?; Linear 2Dy = 39.06 mJ/cm?; Linear 3Dy = 58.59 mJ/cm?; Linear 1D;g-values for HAV
on ceramic surfaces = 26.04 mJ/cm?; Linear 2Djg = 52.08 mJ/cm?; Linear 3Dy = 78.13 mJ/cm?;
and on glass discs linear 1Djp-values = 8.77 mJ/cm?; Linear 2Dy = 17.54 mJ/cm?; Linear
3Dqg = 26.31 mJ/cm?.

FCV on stainless-steel coupons showed reduction between 1.93 to 3.89 log PFU/mL
after treatment with UV-C LED at 279 nm for 0.25 to 1.25 min (corresponding to doses
of 4.92-24.6 mJ/cm?) (Table S2 and Figure 4). There was significant reduction in FCV
titers after 0.25 min of 1.93 £ 0.05 log PFU, with 2.99 £ 0.11 log PFU reduction after
0.75 min, followed by further reduction of 3.89 & 0.19 log PFU after 1.25 min (p < 0.05).
The calculated Dyg-value (mJ/cm?) to achieve a 1 log reduction of FCV on stainless-steel
coupons was 7.097 + 2.11 mJ/cm? using UV-C LED at 279 nm, as shown in Table 2.
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FCYV inactivation by UV-C LED at
279 nm on ceramic coupons
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Figure 4. Inactivation of FCV by UV-C LED at 279 nm on (A) Stainless-steel; (B) Ceramic; and (C) Glass
surfaces. Corresponding Linear 1D;g-values for FCV on stainless-steel surfaces = 7.1 mJ/cm?;
Linear 2Djg = 14.2 mJ/cm?; Linear 3D;g = 21.3 m]/cm?; Linear 1D;g-values for FCV on ceramic
surfaces = 8.31 mJ/cm?Z; Linear 2Dy = 16.61 mJ/cm?; Linear 3Dy = 24.92 mJ/cm?; and on glass discs
linear 1Djg-values = 7.82 mJ/cm?; Linear 2D;g = 15.64 mJ/cm?; Linear 3D = 23.46 mJ/cm?.

3.5. Inactivation of HAV and FCV on Ceramic Coupons Using UV-C at 279 nm

HAV on ceramic coupons showed reduction between 1.63 to 3.37 log PFU after treat-
ment with UV-C LED at 279 nm for 0.75 min to 3.75 min (corresponding to doses of
14.76-73.8 mJ /cm?), respectively (Table S3 and Figure 4). There was significant reduction
after 0.75 min of 1.63 £ 0.17 log PFU from the control with further significant reduction
of 2.52 £ 0.11 log PFU after 2.25 min and with 3.37 & 0.10 log PFU reduction again after
3.75 min treatment. The calculated Djp-value (mJ/cm?) for 1-log inactivation of HAV on
ceramic coupons using UV-C at 279 nm was 26.05 + 0.60 mJ/cm? as shown in Table 1.

FCV on ceramic coupons showed reduction between 1.1 to 3.12 log PFU after treat-
ment treated with UV-C LED at 279 nm for 0.5-2.5 min (corresponding to doses of
9.84-49.2 mJ /cm?) (Table S4 and Figure 4). There was significant reduction in FCV titers
after treatment for 0.5 min of 1.10 &+ 0.04 log PFU, with 2.51 £ 0.07 log PFU after 1.5 min
treatment and 3.12 =+ 0.11 log PFU after 2.5 min treatment (p < 0.05). The calculated
Dyo-value (m]J/cm?) for FECV on ceramic coupons was 8.31 £ 2.12 mJ/ cm? using UV-C LED
at 279 nm, as shown in Table 2.
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3.6. Inactivation of HAV and FCV on Glass Discs Using UV-C at 279 nm

HAV on glass discs showed reduction between 0.5 to 2.2 log PFU after treatment with
UV-C LED at 279 nm for 0.17 to 1.0 min (corresponding to doses of 3.28-19.68 m]/cm?),
respectively (Table S5 and Figure 3). There was significant reduction in HAV titers after
treatment for 0.17 min of 0.5 £ 0.10 log PFU, with 1.3 4+ 0.10 and 1.7 &+ 0.10 log PFU
reduction after 0.5 and 0.67 min, and 2.2 £ 0.20 log PFU reduction after 1 min treatment
(p < 0.05). The calculated Dyg-value (m]/cm?) for 1 log inactivation of HAV on glass discs
was and 8.77 + 2.08 mJ/cm? using UV-C at 279 nm, as shown in Table 1.

FCV on glass discs showed reduction between 0.93 to 2.57 log PFU after treatment
with UV-C LED at 279 nm of 0.17 to 1.0 min (corresponding to doses of 3.28-19.68 mJ/cm?),
respectively (Table S6 and Figure 4). There was significant reduction in FCV titers after
treatments for 0.17 min, 0.33 min, 0.5 min, and 0.67 min of 0.93 £ 0.02, 1.41 4 0.05,
1.86 £ 0.11, and 2.31 £ 0.19 log PFU, respectively, while tailing occurred after 0.67 min
(p < 0.05) (Figure 4). The calculated Djp-value (m]/ cm?) for 1-log reduction of FCV on
glass discs was 7.88 & 0.86 m]/cm? using UV-C LED at 279 nm, as shown in Table 2.

3.7. Surface Roughness (Ra) Measurements of Each Model Surface

The average Ra values for stainless-steel coupons, ceramic coupons, and glass discs
were calculated to be 7.3, 56.2, and 12.3 um, respectively.

4. Discussion

Prevention of cross contamination is of utmost concern in the food processing industry
as foodborne pathogens can survive on food contact surfaces for extended periods and be
transmitted to other items (knives, spoons), food, and surface areas after contact leading
to foodborne outbreaks [33]. In addition to surface sanitation with chemical washes,
traditional UV-C at 254 nm is commonly used for microbial decontamination of surfaces.
Evaluation of the inactivation of Salmonella (8-9 log CFU/mL) inoculated on stainless-steel,
HDPE, waxed cardboard, and PVC coupons (common surfaces found within the tomato
processing industry) using UV-C at 254 nm showed that 2.75, 2.93, 1.39, and 1.91 log CFU
reductions, respectively were obtained at doses of 3.3 mJ/ cm? [34]. Increased UV-C doses
of 19.7 mJ/cm? were shown to result in reductions of 3.51,4.32, 1.43, and 3.51 log CFU on
stainless-steel, HDPE, waxed cardboard, and PVC, respectively, with waxed cardboard
showing the least amount of reduction at both tested dosages, as the wax can provide
a shielding effect from UV radiation [34,35]. While traditional UV-C systems have been
routinely used, surface disinfection using UV-C LED systems including use of wavelengths
at 279 nm continue to be investigated. Stainless-steel discs inoculated by droplets containing
7-log CFU/mL of either Listeria monocytogenes, Escherichia coli, or Salmonella enterica serovar
Typhimurium after treatments with UV-C LED systems at 279 nm resulted in Djp-values of
3.02 +0.1,2.70 & 0.1 mJ/cm?, and 1.90 £ 0.1 mJ/cm?, respectively (with >3 log CFU/mL
inactivation at the highest dosage of 12 m]J/ cm?) for the tested bacteria [24]. Therefore, this
research investigated the ability of UV-C at 254 nm and UV-C LED at 279 nm to inactivate
HAV and FCV on model food contact surfaces including stainless-steel, ceramic and glass.

HAV is known to be resilient and stable to most environmental stressors. Hence, the
high Djp-value (m]J/ cm?) of 26.05 + 0.60 mJ/cm? for HAV using UV-C LED at 279 nm
and 14.53 4- 2.52 mJ/cm? using UV-C at 254 nm on ceramic surfaces, respectively, is not
surprising (p < 0.05). This difference in dosage between the two systems could be attributed
to the surface roughness and inherent properties of HAV that could result in adherence to
ceramic and resistance to UV-C LED at 279 nm. These high parameters were followed by
Djp-values (mJ/cm?) of HAV on stainless-steel surfaces of 19.53 + 2.45 mJ/cm? for UV-C
LED at 279 nm and 9.48 + 0.34 m]/cm? for UV-C at 254 nm, with HAV on glass discs
displaying the lowest Dyg-values (m]/cm?) of 8.77 & 2.08 m]/cm? for UV-C LED at 279 nm
and 6.91 + 1.93 mJ/cm? for UV-C at 254 nm, respectively.

Similarly, FCV on ceramic coupons displayed higher Djp-values (m]/cm?) of
8.31 & 2.12 mJ/cm? for UV-C LED at 279 nm and 6.25 4 1.90 mJ/cm? for UV-C 254 nm,
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respectively compared to when inoculated on stainless-steel and glass surfaces. Thus,
FCV showed a similar trend to HAV with regards to inactivation on ceramic requiring
higher doses using UV-C LED at 279 nm than UV-C at 254 nm. However, unlike HAV, FCV
on glass discs showed Djp-values of 7.88 £ 0.86 m]/ cm? with UV-C LED at 279 nm and
4.69 + 0.03 mJ/cm? with UV-C at 254 nm, and on stainless-steel coupons showed Dyy-
values of 7.097 4+ 2.11 mJ/cm? for UV-C LED at 279 nm and 3.65 + 0.06 mJ/cm? for UV-C
at 254 nm.

Based on the data obtained, HAV and FCV needed the highest dose for inactivation on
contaminated ceramic surfaces by both UV-C systems (~9.84-73.8 m]/cm? for UV-C LED
at 279 nm and ~3.3-48.8 mJ/cm? for UV-C at 254 nm; p < 0.05). The high doses of HAV
inactivation on ceramic may be associated with surface roughness (as mentioned earlier)
and surface properties that may allow for stronger adherence to ceramic, less penetration of
UV-C, as well as the resilience of HAV to UV-C inactivation, related to its nucleic acid and
capsid protein structure and content. In fact, researchers also state that surface roughness
parameters could play a role in decontamination using UV-C systems [24,32]. Therefore,
different surfaces may require different doses for microbial inactivation. With ceramic
showing a higher surface roughness Ra value of 56.2 pm compared to stainless-steel and
glass (7.3 and 12.3 pum, respectively), it is likely that the high Ra values contribute to
accumulation of viruses, offering protection against treatments, thus providing higher
survival rates and increased dosage requirements, as discussed previously [32]. These
researchers compared the inactivation of E. coli, Salmonella enteritidis, and Pseudomonas
fragi by UV-C LED at 279 nm on glass, silicone rubber, and stainless-steel surfaces that
had surface roughness values 0.020, 0.576, and 1.473 pm with silicone rubber showing the
highest resistance to UV-C treatment resulting in only 1.91, 2.91, and 3.08 log CFU/mL
reduction for E. coli, Salmonella enteritidis, and P. fragi, respectively. However, the correlation
between surface roughness and inactivation abilities is still debatable/unknown, with
varying reports among researchers [32].

Other researchers showed that glass displayed the lowest R, and Rq values of 0.0204
and 0.0492 compared to values of stainless-steel with R, and Rq values of 0.58 and 0.80,
which explained the higher bactericidal effect on glass treated with UV-C at 280 nm [36]
and is similar to the findings of this study for HAV inactivation. Kim and Kang [36]
showed that the level of inactivation of the tested bacterial pathogens varied dependent
on surface type, however glass displayed the highest reduction for all pathogens treated
with UV-C LED at 280 nm, followed by PVC, stainless-steel, Teflon, and silicon. Kim
and Kang [36] showed that treatments with 280 nm UV-C LED at a dose of 2 mJ/ cm?,
caused 0.9-1.44 log reductions of E. coli, with highest reduction on glass, while the lowest
reduction was obtained on silicon followed by Teflon, stainless-steel and then PVC. These
researchers also showed that at a dose of 3 mJ/cm?, S. Typhimurium and L. monocytogenes
were reduced by 0.5-1.66 log CFU and 0.5-0.91 log CFU, respectively that followed the
same surface resistance trend as E. coli [36]. Similarly, the current study found that HAV
contaminated on glass displayed the lowest Dp-value when compared to stainless-steel
and ceramic surfaces after treatment with UV-C LED at 279 nm. This could be explained by
the ability of the pathogen to adhere to the surfaces as well as a possible back reflection
from the stainless-steel coupons that could contribute to the lower D-values of this target
microorganism [24].

Currently, literature related to UV-C at 254 nm and 279 nm dose requirements for inac-
tivation of human foodborne viruses including HAV and HuNoV on varied food contact
surfaces is limited for comparative purposes to the current study. HAV on Formica coupons
was reported to show similar Dyg-values (m]J/ cm?) using both traditional UV-C at 254 nm
(D1g = 12.40 4 1.15 mJ /cm?) and UV-C LED at 279 nm (D1 =12.39 & 0.70 mJ /cm?) [28]. In
the current study, Djp-values using UV-C LED at 279 nm for the inactivation of HAV was
shown to be 19.53 + 2.45, 26.05 + 0.60, and 8.77 + 2.08 mJ/cm? on stainless-steel, ceramic
and glass surfaces, respectively. Thus, HAV showed higher resistance to UV-C LED at
279 nm treatments on ceramic, followed by stainless-steel, Formica, and then glass. Using
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treatments with UV-C at 254 nm, HAV showed Djg-values of 9.48 + 0.34, 14.53 + 2.52, and
6.91 4 1.93 mJ /cm? on stainless-steel, ceramic and glass respectively, indicating that HAV
had higher resistance to UV-C at 254 nm treatments on Formica, followed by stainless-steel
that was similar to ceramic, and then glass. Thus, HAV on glass was found to be most
sensitive to UV-C LED at 279 nm compared to ceramic, stainless-steel or Formica surfaces.

Studies with FCV, MNV, echovirus 12 and MS2 on petri dishes showed that doses of
25,29, 30 and 70 m]/cm? using traditional UV-C at 254 nm were required to achieve 4-log
reduction, respectively, while 85 mJ/cm? was needed for 4 log reduction of intracellular
echovirus 12 [37]. While in the current study, using UV-C at 254 nm, HAV required
doses of 26.04 mJ/ cm? to achieve a 3.50 log PFU/mL reduction on stainless-steel coupons,
29.3mJ/ cm? to achieve a 3.3 log PFU/mL reduction on ceramic coupons, and 13.02 m]J/ cm?
to achieve a 2.09 log PFU/mL reduction on glass discs (Tables S1-S3). In addition, FCV
required doses of 16.28 mJ/cm? to achieve a 4.8 log PFU/mL reduction on stainless-steel
surfaces, 9.77 mJ /cm? to achieve a 2.28 log PFU/mL reduction on ceramic surfaces, and
13.02 mJ/cm? to achieve a 2.86 log PFU/mL reduction on glass surfaces, respectively
(Tables S4-56). Based on these results, MS2 requires the highest dose for inactivation on
petri dishes compared to HAV and FCV on stainless-steel, ceramic or glass surfaces. These
data also indicate that FCV on Petri dishes was more resistant to UV-C at 254 nm requiring
higher doses for similar inactivation than FCV on stainless-steel, ceramic or glass.

When we compare the results of a study with TV, a HuNoV surrogate, significant
decreases (p < 0.05) in RNA copy number (approx. 1 and 2 log reduction in VP1 gene
detection) after 220-nm irradiation treatments at doses between 22.5 and 37.5 m]J/ cm?, or
with 254 nm irradiation at doses of 30 or 37.5 mJ/cm?, respectively were reported [10].
Previous research showed that FCV on Formica surfaces was reduced by 2.26 log PFU/mL
at a dose of 21.81 mJ/cm?, while TV showed reduction of 1.50 log PFU/mL at a dose of
10.91 mJ/cm? [28], which were lower than those reported for RNA copy reduction. In the
current study, FCV on stainless-steel, ceramic, and glass coupons treated with UV-C at
254 nm showed reduction of 4.8, 2.67, and 2.86 log PFU/mL at dosages of 16.28,9.77, and
13.02 mJ/cm?, respectively, while HAV on stainless-steel, ceramic, and glass was reduced by
3.63,3.35, and 2.09 log PFU/mL at dosages of 32.55, 48.83, and 13.02 m] /cm?, respectively.
Thus, HAV required higher dosages for inactivation on all tested surfaces compared to FCV
on Formica, ceramic, and stainless-steel. The results of this study show that on the tested
surfaces, HAV was more resistant to both UV-C systems compared to FCV.

When we compare the inactivation of the pandemic causing SARS-CoV-2 (an en-
veloped virus at 10° PFU/mL) on contaminated synthetic leather and clothing fabric
(porous) and glass, stainless-steel, ceramics, and oaks (non-porous) surfaces by UV-C at
254 nm, doses of 132 mJ/cm? was needed for 1-log reduction, 264 m]J/cm? for a 2-log
reduction, and 396 mJ/cm? for a 3 log reduction on porous surfaces, while for all non-
porous samples, >3 log reduction was achievable at a dose of 8 mJ/cm?, with exposure
times all below 1 min (ordered by oak, glass, ceramics, and stainless-steel for shortest to
longest exposure time) [38]. The current study showed that for HAV and FCV on all tested
non-porous surfaces (stainless-steel, ceramic, and glass) doses ranging from ~7-9 m]/cm?
for HAV and ~3-6 mJ/cm? for FCV were required to achieve a 1-log reduction using
UV-C at 254 nm. In addition, this current study showed that the tested virus required
higher doses using UV-C LED at 279 nm ranging from 7.097 to 26.05 m]J /cm? than UV-C at
254 nm to achieve a 1-log reduction. Since, HAV and FCV are both non-enveloped viruses,
theoretically higher doses for their inactivation would be needed.

When using traditional UV-C at 254 nm, tailing occurred for the inactivation of HAV
on stainless-steel and ceramic coupons with doses > 19.53 and 29.30 m]J/ cm? (Figure 1),
respectively and doses > 6.51 and 8.68 mJ/cm? for FCV on ceramic and glass surfaces
(Figure 2), respectively proving ineffective at further viral inactivation. In comparison, for
treatments with UV-C LED at 279 nm, tailing was not observed, except for the inactivation
of FCV on glass discs with doses > 13.12 m]/cm? that were ineffective at further viral
inactivation (Figure 4). When observing tailing effects in cases such as UV-C inactivation
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of HAV on stainless-steel and ceramic surfaces at 254 nm or FCV inactivation on ceramic
or glass surfaces by UV-C at 254 nm and also glass with UV-C LED at 279 nm, it is
important to recognize that the linear model may not be most suitable for prediction of >2 or
3 log reduction.

As HAV showed the highest D-values using UV-C LED at 279 nm on ceramic coupons
(which was significantly higher than on glass surfaces), the differences between the dosage
requirements for inactivation of HAV on glass could be associated with the inherent
properties of the virus that allow for attachment to the surface (as stated earlier) as well as
the properties (structure and components) of the capsid and nucleic acid and the limitation
of lower penetration power by UV-C light.

When comparing reductions of FCV and TV on Formica by UV-C at 279 nm with
HAYV and FCV on stainless-steel, ceramic, and glass surfaces, FCV and TV on Formica
showed reductions of 2.45 and 1.83 log PFU/mL at dosages of 54.6 and 27.3 m] /cm? [28].
This study showed that FCV on stainless-steel, ceramic, and glass surfaces using UV-C
LED at 279 nm was reduced by 3.89, 3.12, and 2.57 log PFU at dosages of 24.6, 24.6, and
19.68 mJ/cm?, respectively, while HAV showed reduction of 2.75, 3.37, and 2.2 log PFU/mL
at dosages of 49.2, 73.8, and 19.68 m] /cm?, respectively. Inactivation of HAV on ceramic
coupons by UV-C LED at 279 nm required a higher dose to achieve >3 log reduction, similar
to the inactivation of TV on Formica which required a dose of 54.6 mJ/cm? to achieve a
>1.8 log reduction, compared to inactivation of FCV on all surfaces [28]. As reported above,
the resistance could be associated with TV having different binding sites for the surfaces
based on its capsid structure making it more resistant to UV-C and preventing damage
to the capsid proteins (UV-C at 279 nm) or RNA (UV-C at 254 nm). Also, protein-RNA
cross-linking or energy transfer from proteins to RNA is reported to occur at UV-C at
210-240 nm and may also occur at UV-C at 279 nm [28].

Recently, FCV on stainless-steel surfaces was shown to be reduced by 3.3 log PFU /disc
at a dose of 27.5 mJ/cm? using UV-C LED at 269 nm [27]. In comparison, the current
study reported that FCV treated by UV-C LED at 279 nm on stainless-steel, ceramic, and
glass surfaces could be decreased 3.89, 3.12, and 2.57 log PFU with doses of 24.6, 49.2,
and 19.68 mJ/cm?, respectively (Tables S4-56). Thus, the results of the current study are
comparable to that reported by Mariita et al. [27] for stainless-steel surfaces given the
differences in the wavelengths used. These UV-C LED systems that potentially target the
viral capsid structure can cause damage to proteins due to absorption of UV-C by amino
acids around 279 nm, with further oxidation and eventual damage to the nucleic acid,
while typically 254 nm UV-C is known to cause dimerization of nucleic acids, nucleic acid
damage and thus prevention of viral replication [16,24].

Furthermore, UV-C LED systems with 266, 270, 275, and 279 nm were shown to
cause 5 to 6 log reduction of E. coli O157:H7, Salmonella enterica serovar Typhimurium, and
L. monocytogenes (~108—109 CFU/mL) with low doses of 0.7 m]/ cm? in media within Petri
dishes using 279 nm UV-C LED, while inoculated sliced cheese required higher doses of
1, 2, and 3 mJ/cm? for inactivation [39]. Salmonella cocktails consisting of Salmonella Ty-
phimurium, S. Newport, S. Enteritidis, S. Senftenberg, and S. Heidelberg (6.5 log CFU/mL)
were shown to be reduced by 1.97 and 3.48 log CFU on stainless-steel surfaces using UV-C
LED at 260 to 280 nm at a dose of 2 and 4 mJ/cm?, while reductions of 4.74 and 5.2 log CFU
were observed on HD polyethylene for irradiances of 2 and 4 mJ/cm? [40]. Though, the
Salmonella cocktail on stainless-steel surfaces was rapidly reduced by 1.3 log CFU/mL after
the initial dose of 30 mJ/cm?, a maximum reduction of 1.97 log CFU/mL after the final
dose of 120 mJ/cm? was obtained, similar to the tailing observed in the current study with
viruses [40]. Thus, the bacterial pathogens required lower doses for inactivation compared
to the higher doses required for inactivation of the HAV and FCV used in the current study
on food contact surfaces.

Overall, this study provided the target doses needed for 1-log inactivation of HAV
and FCV when dried on three food contact surfaces using UV-C at 254 nm and UV-C LED
at 279 nm based on the linear model. This data lays the foundation for the food industry to
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design systems needed to deliver the desired doses to inactivate the target pathogens on
food contact surfaces.

5. Conclusions

This research shows the promising application of UV-C LED at 279 nm for the in-
activation of foodborne viruses, HAV and the tested HuNoV surrogate, FCV, on dried
model food contact surfaces (stainless-steel, ceramic, and glass). This study helped bridge
the gaps in knowledge related to the dose requirements for inactivation of HAV and FCV
using both traditional UV-C at 254 nm and UV-C LED at 279 nm. The results also showed
notable increased resistance of HAV compared to FCV to UV-C inactivation on the tested
surfaces based on the linear model Dyg-values. While successful at achieving similar levels
of inactivation, UV-C LED at 279 nm requires higher doses for inactivation of both HAV
and FCV regardless of surface type. This UV-C dose data will be useful in laying the
foundation for the design of UV-C LED systems to deliver the optimal doses needed to
inactivate foodborne viruses on surfaces in order to decrease the risk of viral contamination.
However, it is important to note that only linear models were used in this study that may
not be the best fit if and when tailing effects are observed. Future studies are focused on
determination of the UV-C dose requirements of aerosolized viral deposits and aerosolized
viruses, as well as understanding the effect of temperature, relative humidity, organic load,
and varied wavelengths of UV-C LED systems for viral inactivation on surfaces for practical
applications to protect public health.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13182892 /51, Table S1: Inactivation of HAV treated with either
UV-C (254 nm) or UV-C LED (279 nm) on Stainless-steel coupons; Table S2: Inactivation of FCV treated
with either UV-C (254 nm) or UV-C LED (279 nm) on Stainless-steel coupons; Table S3: Inactivation
of HAV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Ceramic coupons; Table S4:
Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 nm) on Ceramic coupons;
Table S5: Inactivation of HAV treated with either UV-C (254 nm) or UV-C LED (279 nm) on glass discs;
Table S6: Inactivation of FCV treated with either UV-C (254 nm) or UV-C LED (279 nm) on glass discs.
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Abstract: Human noroviruses (HuNoVs) are among the main causes of acute gastroenteritis world-
wide. HuNoVs can survive for several days up to weeks at room temperature in the environment,
on food, and on food handling and processing surfaces. As a result, this could lead to viral spread
through the ingestion of food in contact with contaminated surfaces. The development of stable
surface materials with antiviral activity might be useful to reduce viral outbreaks. Metal-based com-
pounds, including photoactivated titanium nanoparticles (TiO, NPs), are known for their antiviral
activity. In this study, we tested the impact of 2000 pg/mL TiO, NPs, with or without UV activation,
on HuNoV GII and murine norovirus. Their recovery rates were reduced by 99.6%. We also evaluated
a new TiO, NP-coating process on a polystyrene surface. This process provided a homogenous
coated surface with TiO, NPs ranging between 5 nm and 15 nm. Without photoactivation, this TiO,
NP-coated polystyrene surface reduced the recovery rates of intact HuNoV GII by more than 94%.
When a capsid integrity treatment with PtCly or a longer reverse transcription polymerase chain
detection approach was used to evaluate virus integrity following contact with the TiO, NP-coated
polystyrene, the HuNoV GII recovery yield reduction varied between 97 and 100%. These results
support the hypothesis that TiO, NP-coated surfaces have the potential to prevent viral transmission
associated with contaminated food surfaces.

Keywords: norovirus; TiO,; nanoparticles; PtCly; RNA extraction; capsid integrity

1. Introduction

Human noroviruses (HuNoVs) and other human enteric viruses, including hepatitis A
virus (HAV) and rotaviruses (RoV), are considered the leading cause of foodborne illnesses
and outbreaks [1-3]. In 2016, the global economic burden of HuNoVs was estimated at
4.2 billion in direct health system costs and USD 60.3 billion in societal costs per year [4]. In
the U.S., there was an estimated 20 million annual cases, with less than 1% associated with
reported outbreaks [4]. These HuNoV infections represent an annual healthcare cost of USD
430 to USD 740 million in the U.S. [5]. HuNoVs are shed in the vomit and faeces of people
who are infected, including asymptomatic carriers [6]. HuNoVs can remain infectious
for several days to weeks at room temperature in the environment and on stainless steel,
Formica® ceramic, polyethylene, and polyvinyl chloride [7-14]. This leads to the spread of
the virus either directly through contaminated hands and surfaces or indirectly through
the ingestion of contaminated food and water [2]. This, along with the increased awareness
associated with reducing COVID-19 propagation, has generated a renewed interest in the
identification of antiviral surface coatings [15,16].

Noroviruses are small (27-40 nm), non-enveloped, single-stranded RNA viruses that
belong to a genetically diverse group of viruses of the Caliciviridae family [17]. Noroviruses
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are divided into 10 distinct norovirus genetic groups, which are undergoing constant
evolution [18]. While norovirus genogroups I, II, IV, VIII, and IX infect humans, genogroup
II (GII) is the most prevalent in humans [17]. According to Teunis et al., the HuNoV 50%
human infectious dose is very low (<100 genomic equivalents (gEq)) in secretor-positive
subjects [19]. There is currently no culture method established to confirm the presence
of infectious HuNoV at the levels found on surfaces, in water, or on food commodities.
Current human intestinal enteroid (HIE) culture systems require inoculum equivalent to
10° gEq [20]. The detection of HuNoVs relies on viral recovery from the contaminated
matrix, extraction of RNA, and reverse transcription polymerase chain reaction (RT-PCR)
amplification methodologies [3]. However, RNA detection does not always correlate with
the virus’s integrity and infectivity, as non-infectious and fragmented RNA could also be
detected [21,22]. Viability RT-qPCRs, such as capsid integrity treatments based on PtCl; and
genomic integrity tests based on the amplification of a long RNA strand, have been used to
provide additional information on virus integrity [23-25]. Consequently, virus integrity
measurements could provide a more accurate estimation of surface antiviral activity than
standard RT-qPCRs.

Metal-based compounds, such as silver, zinc, iron, copper, and titanium, are among the
most commonly studied materials as novel antiviral treatments [16]. Their virucidal activity
as metal nanoparticles (NPs) could be significantly increased by their high specific surface
area and high surface reactivity. These characteristics lead to higher levels of reactive
oxygen species (ROS) and ROS-induced oxidative stress responsible for nanotoxicity [26].
The main virucidal mechanisms observed with metal nanoparticles include the binding
or disruption of viral surface structures to prevent receptor binding; the production of
metal ions and ROS that degrade the viral protein capsid and nucleic acids; the direct
interaction with viral surfaces, proteins, and genetic material to damage viral integrity
and inhibit protein synthesis and genome replication; and the cleavage of disulfide bonds
to denature viral glycoproteins (reviewed in [27]). However some of these compounds,
including copper and zinc oxide NPs, are highly cytotoxic when consumed, which limits
their potential application as food contact surfaces [28].

Although there is some current debate on its safety as a food additive, the low toxicity
of titanium oxide (TiO,) presents a major advantage for a food surface contact application.
Titanium oxide nanoparticles (TiO; NPs) were reported to have potential virucidal activity
against noroviruses, mainly via a photocatalytic reaction [29,30]. TiO, occurs as a rutile,
anatase, and, more rarely, brookite crystalline structure with different photocatalytic ac-
tivities and applications (reviewed in [31]). TiO, NPs (<100 nm) are commonly used as
food additives (E 171) in candies, salad dressing, creamers, icing, and marshmallows. Ap-
proximatively 40% of this additive is found in the nanosize range [32]. A safety margin of
2.25 mg of TiO, NPs per kilogram of body weight per day was established by the European
Food Safety Authority prior to the year 2021 [33]. However, due mainly to uncertainties
concerning the genotoxicity of TiO, nanoparticles, an EU expert panel recently concluded
that TiO, could no longer be considered safe as a food additive [34]. On the other hand,
following an extensive review, Health Canada’s Food Directorate concluded that there is no
scientific evidence to support that the food additive TiO, is a concern for human health [35].
Food-grade TiO; is still considered safe by the WHO and several other countries [36]. In
the U.S.,, the typical exposure for an adult is around 1 mg of titanium per kilogram of body
weight per day [37].

In this paper, we explored the potential of TiO, NPs to degrade HuNoV GII using
capsid and genomic integrity approaches to evaluate its impact on intact HuNoV GIIL.
The potential antiviral activity of TiO, NP-coated surfaces was tested as well, and a new
approach to preparing TiO, NP-coated polystyrene surfaces was developed for this purpose.
The development of stable surface materials integrating TiO, NPs might be a safe and
useful way to prevent viral transmission associated with contaminated food surfaces.
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2. Materials and Methods
2.1. Virus Stocks

Murine norovirus-1 (MNV) was provided by Dr. H. Virgin from Washington Univer-
sity (St. Louis, MO, USA). Aliquots of HuNoV GII.4 (CFIA-FVR-020) were obtained as stool
specimens from the British Columbia Centre for Disease Control (Vancouver, BC, Canada).
A 10% suspension of HuNoV faeces was prepared as previously described [38]. To prepare
the virus inoculum, MNV and HuNoV were mixed in phosphate-buffered saline (PBS), pH
7.4 (ThermoFisher, Asheville, NC, USA). The HuNoV faeces suspension was diluted 1/50
and 1/10 in the inoculum used for the TiO; NP suspension and TiO, NP-coated surface
experiments, respectively. For each assay, the inoculum viral concentrations, in genomic
equivalent per microliters (gEq/uL), were assessed by RT-qPCR, as described below.

2.2. Nanoparticle Preparations

Small, anatase TiO, NP aqueous stock dispersions (US Research Nanomaterial Inc.,
Houston, TX, USA) were selected based on their high specific surface areas and supplied
with the characteristics described in Table 1.

Table 1. Anatase TiO, NP dispersion characteristics.

Appearance Crystal H Particle Size TiO, Solvent Surface Na Al Cl TiO,
PP Ty p nm wt % wt % Treating ppm ppm ppm %
Translucent liquid Anatase 1-4 5-15 >15.3 Water~85 No <98 <95 <93 99.9

Prior to the experiment (2448 h), the stock dispersion was vortexed for 30 s and sonicated
for 15 min in an ultrasonic bath (Branson 5510, Branson Ultrasonics, Danbury, CT, USA). Then,
the suspension was diluted in PBS, with the pH adjusted to 7.8 using NaOH or HCl, and
sonicated again for 15 min. Before each test, the diluted suspension was sonicated for 5 min,
mixed vigorously, sonicated again for 10 min, and mixed.

2.3. Plate Surface Preparation

Corning Costar™, flat-bottom polystyrene, 12 and 24 not-treated multiple-well plates
(Sigma-Aldrich, Oakville, ON, Canada) were filled with anhydrous ethanol USP (Greenfield,
Tiverton, ON, Canada), covered, and incubated for 24 h at room temperature. Meanwhile,
the anatase TiO, NP stock dispersion was diluted in ethanol to 25 mg/mL and sonicated
for 15 min. The plate wells were emptied, and 50 uL of the TiO, NP-diluted dispersion
was added to each well to cover the bottom (622 pg/cm?). The plate was incubated for 4 h
at room temperature, then placed under vacuum for 4 h at room temperature (Vacuum
Oven model #1430, Sheldon MFG Inc., Cornelius, OR, USA), followed by an additional
16 h at 80 °C under vacuum, and then maintained under vacuum at room temperature for
a minimum of 8 h before being used.

2.4. Atomic Force Microscopy (AFM)

The morphology and topography of the surface of the bottom of the microplate wells
were obtained using a Multimode 8 (Bruker Nano Surfaces, Santa Barbara, CA, USA)
equipped with a J-type scanner operating in the PeakForce QNM™ mode. Bruker FMV
probes with a nominal resonant frequency of 75 kHz were used with a scan speed of
0.5-0.8 Hz.

2.5. Scanning Electron Microscopy (SEM)

Surface samples from the bottom of the TiO, NP-coated plate wells were collected
with a razor blade and mounted on aluminium stubs using a double sticky carbon tab. They
were cleaned for a duration of 5 min using UV in a ZONESEMII sample cleaner (Hitachi
High-Tech Canada, Inc., Toronto, ON, Canada). SEM images were captured using a Hitachi
SU7000 (Hitachi, Tokyo, Japan) field emission scanning electron microscope in the variable
pressure condition mode from 50 to 100 Pa. The working distance was 6 mm, at 20 kV, and
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the spot size was set at 3. The secondary electron and backscattered electron signals were
collected using an ultra-variable detector (UVD) and a photo diode-type backscattered
electron detector (PD-BSED). An image representation was also made using both the UVD
and PD1 detectors.

2.6. Inductively Coupled Plasma (ICP)

To recover the TiO, for the ICP analysis, 2 mL of deionised water was added to each
of the TiO, NP-coated polystyrene plate wells, and the plate were sonicated for 15 min on
the surface of a Branson 5510 sonicator (Bransonic, Danbury, CT, USA). The extracts were
collected in digestion quartz tubes, which were calibrated at 50 mL and sealed with safety
pressure caps (SCP Science, Montréal, QC, Canada). The 2 mL extraction was repeated,
following which the extracts were combined and dry-evaporated at room temperature in
a vacuum oven. A 5 mL mix of sulfuric and nitric acid (4:1) (Trace metal grade, Fisher
Scientific, Fair Lawn, NJ, USA) was added to each tube, and the extracts were digested
in a NovaWAVE SA microwave digestion system (SCP Science, Montréal, QC, Canada).
The temperature was raised to 220 °C for 15 min, maintained for 60 min, and cooled to
room temperature for 15 min. The cooled extracts were diluted in 50 mL of deionised water
and filtered on a 0.22 pm PVDF membrane (Chromatographic Specialties Inc., Brockville,
ON, Canada). The digested sample analysis was carried out using an ICP OES Prodigy
(Teledyne Leeman Labs, Hudson, NH, USA), with the peristaltic pump set at 1.4 mL/min.
Tests were performed at a wavelength of 336.122 nm using a plasma radial view and
integrated for 10 s over 3 replicas. The sample uptake delay time was set at 60 s.

2.7. Norovirus Treatment
2.7.1. Virus Treatment with TiO, NPs

In separate and removable Corning Costar™ 12- and 24-well plates (Sigma-Aldrich),
100 pL of PBS or diluted TiO, NP suspension was added. An equivalent volume of PBS or
virus preparation was added to these same wells, and this mixture was incubated for 60 min
at room temperature in a Thermo Scientific 1300 Series A2 biological safety cabinet (Fisher
Scientific, Nepean, ON, Canada). Selected well strips were treated with UVA (UVP™
UVG-54) or UVC (UVP™ UVL-56) (Fisher Scientific) or remained untreated for 5 min. The
UV intensity was controlled using the Solarmeter Model 4.0 for UVA and Model 8.0 for
UVC (Solar Light Company Inc., Glenside, PA, USA). The UVA intensity was between 2.0
and 2.2 mW/cm? (500 and 550 m]/cm?), while the UVC intensity was between 710 and
770 uw/cm? (177 and 195 mJ/cm?).

2.7.2. Virus Treatment with TiO, NP Surface Plate

In each well of the TiO, NP-coated surface plate or control plate, 10 uL of virus
preparation were added to 200 uL of RNase-free phosphate buffered saline (PBS) (Wisent,
St-Bruno, ON, Canada). The plates were incubated for 2 h in a biological safety cabinet at
room temperature without cover.

2.8. Capsid Integrity Treatment

To evaluate the integrity of HuNoV GII.4 and MNV capsids, the treated viruses were
incubated for 10 min with 2.5 mM PtCly (Sigma-Aldrich) at 4 °C and 300 rpm on a Ther-
momixer C (Eppendorf, Mississauga, ON, Canada). Control-treated virus samples without
PtCly were processed in parallel. A total of 2 uL of 500 mM EDTA (Sigma-Aldrich), 5 puL of
RNA carrier (Qiagen, Mississauga, ON, Canada) and 2 pL of 1% Tween 20 (Sigma-Aldrich)
were added to samples with or without PtCly treatment prior to the RNA extraction.

2.9. RNA Extraction

A total of 500 puL of RNeasy lysis buffer RLT (Qiagen) and 0.02 M Dithiothreitol (DTT)
(ThermoFisher) were added to the treated virus with or without PtCly by pipetting up
and down. The lysed virus was transferred to a RNeasy column and extracted using
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the QIAcube supplemented with DNase I, as previously described by the manufacturer
(Qiagen). The purified RNA was eluted in 50 uL of RNase-free water, and 40 units of
RNasin Plus RNase Inhibitor (Promega, Madison, WI, USA) was added before its storage
at —80 °C.

2.10. Short RT-gPCR

Both MNV and HuNoV GIIL.4 were quantified by RT-qPCR using the TagMan Fast
Virus 1-Step Master Mix (ThermoFisher), as described previously [38]. Briefly, the primer
and probe sets developed by Baert et al. [39], Kageyama et al. [40], and Loisy et al. [41]
targeting the ORF1 and ORF2 junction regions were used to generate HuNoV and MNV
amplicons of 86 bp and 108 bp, respectively.

2.11. Long-Range RNA Quantification (Long RT-gPCR)

A long-range, two-step reverse transcription (RT) process, followed by a qPCR detec-
tion protocol, was performed, as described previously [25]. Briefly, 2.5 kb of complementary
DNA (cDNA) was synthesized using the Tx30SxN primer and Maxima H Minus reverse
transcriptase (ThermoFisher). A real-time PCR (qPCR) was performed on a QuantStudio 6
(ThermoFisher) using the Taq Platinum PCR kit and the primers listed in the short RT-qPCR
section, following the manufacturer’s recommendations (ThermoFisher).

2.12. Recovery Yields

The impact of the TiO, NP suspension and coated surfaces on the norovirus recovery
yields were estimated using the cycle threshold (Ct) variation compared to the inoculum refer-
ence level either by RT-qPCR or long RT-qPCR. The virus recovery yield = 10ACHM) 5 100%,
where ACt = Ctyeated — Clinoculum 18 the Clyeareq Value of extracted viral RNA from the treated
samples minus the Ct;,c1,m, value of viral RNA extracted from the inoculum, and m is the
slope of the virus RNA transcript standard curve, or the virus dilution, for the RT-qPCR, or
the long RT-qPCR, respectively.

2.13. Statistical Analysis

The non-parametric Friedman test, with a significance level of p < 0.05, was used to
identify statistically significant differences in terms of recovery yields following exposition
to TiOy NPs or TiOp NP-coated surfaces using MedCalc (v 19.3.1) (MedCalc Software Ltd.,
Ostend, Belgium). The Conover test (p < 0.05) was used as a post-hoc test to perform
sub-group pairwise comparisons. Outlier values were identified and omitted using the
Tukey procedure using the MedCalc application.

3. Results
3.1. TiOy Nanoparticle Antiviral Activity and UV Impact in PBS

We first explored the antiviral activity of TiO; NPs in suspension (Figure 1). The
average HuNoV and MNV inocula were 4.4 + 0.3 x 10* gEq and 2.3 & 0.3 x 10° gEq,
respectively. The HuNoV and MNV RT-qPCR efficiency ranged from 0.94 to 1.00, while
the long RT-qPCR efficiency ranged from 0.9 to 0.92. Without the UV treatment, the PtCly
capsid integrity treatment reduced the HuNoV recovery rate to 47 &= 2% (n = 15). When
HuNoV GII were incubated with 20 pug/mL of TiO, NPs, the viral recovery rate was
reduced to 30 £ 2% (n = 12) with or without the PtCly treatment (p < 0.05). When the
concentration of TiO, NPs was increased to 2000 ng/mL, the HuNoV recovery rates, with
or without the PtCly treatment, were further decreased to 0.3 &+ 3% (n = 6) and 0.2 + 3%
(n = 6), respectively (p < 0.05). A slight increase in recovery rate at 108 £ 2% (n = 9) was
noticed when the HuNoV was treated with UVA alone. This recovery rate was reduced
to 60 £ 2% (n = 9) with the PtCly treatment. However, the incubation of HuNoV GII with
20 ug/mL TiO, NPs under UVA reduced the recovery rate to 28 &+ 2% (n = 9) with or
without the PtCly treatment (p < 0.05). In the presence of 2000 ng/mL TiO, NPs and UVA,
the recovery rates with or without the PtCly treatment were reduced to 0.4 £ 4% (n = 3) and
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0.1 & 4% (n = 3), respectively (p < 0.05). Without the TiO, NPs, UVC reduced the HuNoV
recovery rates, with or without the addition of PtCly, to 7 &= 3% (n = 6) and 41 = 3% (n = 15),
respectively (p < 0.05). The incubation of HuNoV GII with 20 pg/mL TiO; NPs under UVC
similarly reduced the recovery rate, with or without PtCly, to 39 &+ 4% (n = 3) (p < 0.05).
The HuNoV recovery rates following its incubation with 2000 pug/mL TiO, NPs and UVC
was also reduced to 0.2 £ 4% (n = 3) with or without the PtCly capsid integrity treatment.
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Figure 1. The impact of UV and TiO, NPs on HuNoV GII and MNV recovery with or without the
PtCl4 capsid integrity treatment, as detected by short RT-qPCR. HuNoV GII were incubated with
different concentrations of TiO, NPs with or without the UV (UVA; UVC) treatments. After this
treatment, HuNoV GII (a) and MNV (b) were either incubated with PBS (M) or the capsid integrity
agent PtCly (). The RNA was extracted and detected by short RT-qPCR. The results are expressed
as the percentage of HuNoV GII inoculum recovery (mean %+ 95% CI). The Friedman test, followed
by the post-hoc Conover test (p < 0.05), was used to identify differences between the PtCl4 treatments
(®) or between the TiO, treatments () and their respective controls.

The impact of UV and TiO; NPs on MNV was similar to that on HuNoV. Without
the UV treatment, the recovery rates of MNV incubated with 20 pg/mL of TiO, NPs were
decreased with or without the PtCly treatment to 21 + 3% (1 = 9) and 20 + 6% (n = 9),
respectively (p < 0.05). They were further reduced in the presence of 2000 png/mL of TiO,
NPs, with or without the PtCly treatment, to 0.3 = 0.2 (n = 6) and 0 & 0 (n = 6), respectively
(p <0.05).

3.2. TiO»-Coated Plates

The average amount of TiO, recovered from the TiO, NP-coated polystyrene of the
24-well multiple plates was estimated at 892 4 31 pg/well (469 + 16 pg/cm?) from the
ICP measurements, which corresponds to a recovery of 71.7 &= 2.5%. This could result from
the solvent-swelling and heating procedures of the material. This approach could lead a
proportion of nanoparticles to be integrated into the polystyrene matrix, and thus to be not
accessible for dissolution and TiO, quantification. The SEM analysis indicated that TiO,
NPs were covering the entire bottom of the wells without apparent aggregates (Figure 2A).
Some cracks of around 25 to 54 nm were observed. The AFM scans provided a more precise
analysis of the TiO, NP-coated surfaces (Figure 2B). We noticed a low polydispersity
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and a relatively homogenous distribution on the surface. The average particle size range
(5 to 15 nm) was in agreement with the estimated TiO, NP size provided by the supplier.

(A). SEM

10.0um

TiO,

(7 1 Height som

Figure 2. Surface analyses of the TiO, NP-coated polystyrene wells. (A) SEM scanning images of the
TiO, NP-coated polystyrene plate well bottoms using a scale bar at 400 uM (left panel) and at 10 um
(right panel). (B) AFM scanning image of the TiO, NP-coated polystyrene plate bottom: a 2D image
of a typical topography observed (left panel) and the height profile of the domains located under the
white line of the 2D scan (right panel).

Since the TiO; NPs were effective against the HuNoV GII without additional UV
photoactivation and food is prepared in ambient light, we evaluated the antiviral activity
of the TiO, NP-coated polystyrene plates without UV. The average HuNoV and MNV
inoculum added to the coated surfaces, as estimated by RT-qPCR, were 2.7 & 0.5 x 10° gEq
and 5.9 + 0.9 x 10% gEq, respectively. The impact of the TiO, NP-coated surfaces on
HuNoV GII and MNV was similar (Figure 3). The recovery of HuNoV GII and MNV
from the non-coated wells were 13 £ 3% (n = 12) and 16 £ 4% (n = 12), the equivalent
of 3.5+ 0.8 x 10° gEq and 9 & 2 x 10° gEq, respectively. The virus recoveries in the
non-coated wells were not altered by the PtCly treatment. The slight average increase
(12 to 19%) observed with both viruses was not statistically significant. Both HuNoV GII
and MNV recoveries were significantly reduced, when exposed to the TiO, NP-coated
wells, to 5 £ 4% (n = 12) and 6 £ 5% (n = 12), respectively (p < 0.05). Following the PtCly
capsid integrity treatment, the HuNoV GII and MNV recovery yields were further reduced
to 1.4 £1.4% (n=12) and 1.1 &+ 1.6% (n = 12), respectively (p < 0.05). Compared to the
non-coated wells, this was equivalent to an average HuNoV and MNYV log reduction of
—2.18 £ 0.654 (n = 12) and <—2.61 (n = 12), respectively.

Long RT-qPCR is another approach that has been employed to estimate the extent of
genome degradation (Figure 4). Long-strand RNA RT is more sensitive to PtCly degradation
than shorter RT. The inoculum recovery rates of HuNoV GII and MNV from the non-coated
wells, as estimated by long RT-qPCR, were 14 £ 4% (n =9) and 24 £ 3% (n = 9), respectively.
The HuNoV GII and MNYV recovery yields were not modified by the addition of the PtCly
capsid integrity treatment and were estimated at 17 = 4% (n = 9) and 25 + 8% (n = 9),
respectively. However, when exposed to the TiO; NP-coated surfaces, both the HuNoV and
MNV recovery yields were significantly reduced to 1.9 £ 1.9% (n =9) and 0 £ 0% (n = 9),
respectively. The addition of the PtCly treatment did not further reduce the recovery yields
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of both HuNoV GII and MNYV exposed to TiO, NP-coated surfaces, which were 1.3 & 2.0%
(n=9)and 3 = 4% (n =9), respectively (p < 0.05).
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Figure 3. The impact of TiO, NP-coated surface on HuNoV GII and MNV recovery with or without
the capsid integrity treatment, as detected by short RT-qPCR. HuNoV GII (left panel) and MNV
(right panel) were incubated for 120 min on TiO, NP-coated polystyrene surfaces. Then, 200 pL
of PBS (M) or the PtCly (J) based capsid integrity treatment was added. The RNA was extracted
and detected by short RT-qPCR. The results are expressed as percentages of inoculum recovery
(mean + 95% CI). The Friedman test, followed by the post-hoc Conover test (p < 0.05), was used to
identify differences between the TiO, NP surface coatings (*) or between the PtCly treatments (b) and
their respective controls.
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Figure 4. The impact of TiO, NP-coated surfaces on HuNoV GII and MNV recovery with or without
the capsid integrity treatment, as detected by long RT-qPCR. HuNoV GII (left panel) and MNV (right
panel) were incubated for 120 min on TiO, NP-coated polystyrene surfaces. Then, 200 pL of PBS (H)
or the PtCly (0J) based capsid integrity treatment was added. The RNA was extracted and detected
by long RT-qPCR. The results are expressed as percentages of inoculum recovery (mean =+ 95% CI).
The Friedman test, followed by the post-hoc Conover test (p < 0.05), was used to identify differences
between the TiO, NP surface coatings (?) and their respective controls.

4. Discussion

The germicidal activity of UV is well known. In this study, UVC alone was active
against HuNoV GII, while UVA alone did not decrease HuNoV recovery. UVC is known to
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be absorbed by nucleic acids, causing the formation of photoproducts such as pyrimidine
dimers, and its activity also correlates strongly with the length of the genome [42]. It
can also degrade virion capsids. Transmission electron microscopy images have shown
that the structure of MNV capsids can be completely disrupted with UVC alone [43]. UV-
inactivated viruses could still be detected by RT-qPCR since only a small region of the
genome is tested. Moreover, the damage to the capsid might not correlate with damage
to the genome [44]. The PtCly capsid treatment could be used to differentiate between
intact and damaged virions by interacting with free nucleic acids [23]. In our study, PtCly
further reduced the recovery rates of UVC-treated HuNoV GII, which is indicative of capsid
damage. The group of Park and al. [43], using another capsid integrity treatment based
on the monoazide dye PMA, also detected a significant decrease (2 log) in MNV capsid
integrity following UVC treatment. On the other hand, in our study, the PtCl4 treatment
did not further reduce the viral recovery rates following the TiO, treatment, which could
indicate that there was no remaining non encapsidated RNA in solution.

In the current study, the antiviral activity of UVA was not significant. A previous
study suggested that increased antiviral activity could be the result of hydroxyl radical
generation from a photocatalytic reaction on TiO;-coated surfaces [43]. The group of Lee
and Ko [29] reported not only that TiO, particles were required for UVA to decrease MNV
plaque-forming units (less than one log with 500 mJ/cm?) but also that their combination
did not impact MNV RT-qPCR recovery rates. The group of Park et al. [45] reported
that after 60 min of UVA exposition, TiO, NP-coated glass and surface-fluorinated TiO,
NP-coated glass decreased MNV plaque-forming units by 0.53 log and 2.6 log, respectively.
They reported a small reduction in their MNV RT-qPCR recovery rates (<1 log) following a
10 min treatment with either UVA alone or with TiO;-coated quartz tubes [43]. Still, these
authors also reported no reduction in HuNoV GI.1 viral RNA within the experimental time
range. Some of these discrepancies suggest that the RNA concentrations, as estimated by
RT-qPCR, might not sufficiently reflect the extent of virus degradation, as well as some
reactivity variation between the viruses.

Since most reports on the antiviral activity of TiO; are associated with its photocatalytic
activity, we did not expect TiO, NP antiviral activity without UV against HuNoV GII to
be comparable to the combinations of TiO, NPs and UVA or UVC. Indeed, a previous
group reported that no MNV reduction was detected when they were exposed for 4 min
to TiO;, particles without UV or with up to 1500 mJ/ cm? UVA [29,46]. Using a UV-cutoff
filter, fluorinated TiO, NP-coated glass was ineffective against the bacteriophage MS2
without UV excitation [45]. The enhanced surface area of TiO, NPs in nanodimensional
structures compared to bulk TiO, materials could explain some of the discrepancy in
reactivity. Anatase TiO, NPs have been reported to have higher photocatalytic properties
than other TiO; crystallites [47]. Nevertheless, others have reported some level of virucidal
activity of TiO, NPs when not UV-illuminated. TiO; NPs in the dark or under daylight
could decrease influenza titres and degrade this RNA virus’s envelope [48]. Anastase
TiO, NPs were also reported to reduce human adenovirus, a non-enveloped DNA virus,
under dark and ambient light via sorption and inactivation [49]. Nanostructured TiO; thin
films composed of anatase, rutile crystallites, and carbon were recently reported to exhibit
antimicrobial activity against a range of pathogens, such as E. coli, S. aureus, P. aeruginosa,
and S. cerevisiae, without UV activation, although with the UV photocatalyst, the TiO; thin
film was more efficient by an order close to one log [50]. Similarly, TiO,-coated fluoroplastic
mediated the photocatalytic inactivation of astrovirus, rotavirus, and feline calicivirus
using visible light (0,18 to 0,88 log reduction) but at a lower extent than with UV light
photoactivation (1.75 to 2.78 log reduction) [51]. In the current study, the TiO; NP activity
was dose-dependent. The TiO, NP antiviral activity was increased at 2000 ng/mL, while
the group of Lee, Zoh, and Ko [46] reported a lower antiviral activity with 1000 nug/mL
of TiO, particles. They hypothesized that increasing TiO, particles to this level blocks
UV penetration and virus exposure to UV light. Differences in TiO, crystallite structures
(Rutile:Anatase/85:15 mix) and preparation, UV intensity, and target viruses might explain
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the observed variations between the two studies. In our setting, we could not exclude
that there could be some interference from high TiO, concentrations that could explain the
absence of increased activity associated with TiO, UV photoactivation.

Based on these results, we explored the antiviral activity of TiO, NP-coated surfaces.
The SEM and AFM analyses of the TiO, NP-coated polystyrene surface indicated that
the selected coating process developed and applied in the present study allows for a
relatively homogenous coating. The selected RNA extraction process involved the use
of chaotrophic agents to denature proteins, inhibit RNAse, lyse viral capsids, and extract
viral RNA. RNA greater than 1000 nucleotides in length have been shown to have low
affinity to TiO, materials when using chaotrophic agents at pH 8 [52]. However, the
extraction process did not allow us to differentiate some of these mechanisms, including
photocatalytic degradation and adsorption, when the lysis is incomplete, for instance,
owing to aggregation. A detailed understanding of the virus removal mechanism by TiO,
NPs could be important for the development of potential applications [49].

In this study, the TiO; NP-coated plate had a similar level of antiviral activity compared
to the TiO, NP suspension against both noroviruses without direct UV photoactivation.
However, since the incubation time was 2 h, we could not exclude that some level of
the photoactivation process was occurring under ambient light and that reactive oxygen
species were generated and altering the viruses. As could be observed with the controls
without the coating, some antiviral activity, ~0.9 log reduction, could be associated with
the 2 h incubation time and attributed to desiccation as well as binding to the polystyrene
surface combined with limited RNA extraction efficiency. Highly hydrophobic plastics
such as polystyrene are known to bind viruses. The faeces and virus culture samples tested
contained infectious, intact viruses as well as incomplete, non-infectious viruses that could
be more susceptible to viral RNA degradation by the remaining enzymes, RNases, or PtCl4
treatment in the tested conditions. Still, the level of HuNoV extracted from the control wells
represent more than 3000 times the HIDs. The remaining antiviral activity, an additional
~1 log reduction from the controls levels, appears to be the result of the TiO; NP coating
itself. The TiO, NP coating increases the surface area, and virus binding could explain part
of this additional antiviral activity. While some traces of the HuNoV long-strand genome
could be recovered, there was no remaining long-strand MNV after the 2 h incubation
period on the TiO, NP-coated plates. In terms of the difference in inoculum level, the
MNYV inoculum was lower by 2.7 log compared to HuNoV, and the assay sensitivity limits
could explain, in part, these differences. A higher inoculum concentration could provide a
more precise estimation of antiviral activity, as well as experimental conditions, to evaluate
HuNoV infectivity reductions in HIE culture systems. However, when there is no or
few viral RNA genome remaining, there are not enough viral particles to trigger viral
replication and infection. Recently, the HIE has been shown to be a more precise model
than PMAxx-based capsid integrity assays to assess HuNoV infectivity following heat
or high pressure treatments since viral replication was more susceptible to treatments
than its RNA [53]. In this study, there was almost no intact viral RNA remaining, as we
observed with the TiO, NP suspension and T1O, NP-coated surfaces, indicating that there
should only be a low level of remaining infectious virus, if any. Exploring alternative
extraction processes, or further analysing virus degradation byproducts, for instance, by
mass spectrometry, might also provide additional insights into the antiviral mechanisms
of the TiO, NP surfaces [54]. Overall, HuNoV GII were spiked at more than 20,000 times
the HIDs5p. Compared to the inoculum, the TiO, NP-coated polystyrene resulted in a total
signal reduction for HuNoV-intact virus genomes of 98.7 £ 2%.

Several parameters remain to be investigated to better define the potential applications
of such TiO, NP-coated polystyrene. These included testing the impact of various incuba-
tion times, temperatures, and following incubation in the dark. The target pathogens should
also be investigated to compare TiO, NP surface virucidal activity towards enveloped vs.
non-enveloped viruses, as well as DNA vs. RNA viruses. For instance, attachment, aggre-
gation, or photoactivation mechanisms could be impacted by the selected pH and control

138



Foods 2024, 13, 1527

conditions used in this study and be specific to viruses with similar capsid isoelectric points
and structures. In addition, organic matter and protein residues may reduce the level of
binding as well as the photocatalytic activity, if any, of TiO, NPs by radical scavenging.
For instance, the impact of the visible light-catalytic TiO, film on feline calicivirus titres
was reduced by one log with the addition of 1 mg/mL bovine serum albumin [51]. In the
current study, the TiO, NP-coated surfaces were efficient even when the tested samples
contained 1% faeces (~ 50 pg proteins). The food residue’s impact on TiO, NP-coated
polystyrene virucidal activity remains to be investigated as well.

Another aspect that remains to be evaluated is the safety of the TiO, NP-coated
polystyrene, despite its relative broad use in food products [31]. Part of the concern is the
lack of available data on TiO, nanoparticle genotoxicity, which could be difficult to test
owing to their low solubility [34,36]. For a coated surface, the migration of the integrated
TiO, NPs to the food matrices would also be an important aspect to be verified. For
instance, TiO, NPs could migrate from the polylactic/ TiO; nanocomposite films to the
cheese surface but far below the migration limit of 10 mg/kg defined by the European
Food Safety Agency for food contact materials [55].

The potential application of TiO, NPs in food packaging materials and self-sterilizing
surfaces is promising [56]. In addition to their antiviral activity and increased UV protection,
antimicrobial TiO, NPs could increase the shelf-life of food and inhibit biofilm development.
Several groups have already explored TiO, NP applications, mainly as a nanocomposite
with chitosan, nanofibers, or polylactic acid. These applications include antiviral TiO,
NP-coated cotton fibre, prolonging the storage life of tomato fruits, and antimicrobial
cottage cheese packaging [55,57,58]. Since HuNoVs are associated with 58 to 65% of known
causes of foodborne illnesses in North America, reducing the food transmission pathway
even slightly could have an impact.

5. Conclusions

HuNoVs are the leading cause of foodborne illness in several countries. We reported
the impact, with and without UV activation, of TiO, NPs on HuNoV GII and MNV. A new
process of preparing TiO, NP-coated microplate polystyrene surfaces using a solvent and
soft heating was also developed. Under ambient light, these surfaces significantly reduce
the level of HuNoV GII and MNV detected. The extent of virus integrity impact was better
reflected using the capsid and genomic integrity approaches. Our results support other
observations on the antiviral activity of TiO, NP materials. However, the mechanisms
involved remain to be investigated. TiO, NP-coated surfaces could have potential practical
applications to reduce norovirus transmission associated with contaminated food surfaces.
Additional work is required to develop such an application.
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Abstract: Although Holder pasteurization is the recommended method for processing breast milk,
it does affect some of its nutritional and biological properties and is ineffective at inactivating
spores. The aim of this study was to find and validate an alternative methodology for processing
breast milk to increase its availability for newborn babies and reduce the financial loss associated
with discarding milk that has become microbiologically positive. We prepared two series of breast
milk samples inoculated with the Bacillus cereus (B. cereus) strain to verify the effectiveness of two
high-pressure treatments: (1) 350 MPa/5 min/38 °C in four cycles and (2) cumulative pressure of
350 MPa/20 min/38 °C. We found that the use of pressure in cycles was statistically more effective
than cumulative pressure. It reduced the number of spores by three to four orders of magnitude. We
verified that the method was reproducible. The routine use of this method could lead to an increased
availability of milk for newborn babies, and at the same time, reduce the amount of wasted milk. In
addition, high-pressure treatment preserves the nutritional quality of milk.

Keywords: pressurization; Bacillus cereus; human breast milk; inoculation

1. Introduction

Human breast milk (HBM) is valuable. It is obtained from female donors and is used
to feed children in the first days of life who, for various reasons, cannot be fed by their
own mother. HBM is subject to strict microbiological monitoring and any unremovable
contamination is grounds for the disposal of the milk. Contamination with bacterial
spores is a serious problem because the spores cannot be removed using conventional
methods [1-4].
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The practice of our Human Milk Bank has shown that the most common spore-forming
microbe present in breast milk is B. cereus, which accounted for up to 64% of all positive
microbial findings. There is also the risk of B. cereus spores germination during the warming
of pasteurized milk [5,6].

Holder pasteurization (62.5 °C/30 min), which is used to treat breast milk in most Hu-
man Milk Banks, cannot effectively eliminate all germs, and after pasteurization, 7-14% of
milk is still culture-positive. Contaminated milk must then be discarded from further use
according to the standard [1]. Additionally, the Holder method also affects the biological
quality of human milk. A number of studies dealing with the analysis of immunological
components have confirmed that HPT is more suitable for its conservation than conven-
tional Holder pasteurization [1,7-10].

Currently, other methods for the treatment of HBM that reduce microorganisms, such as
UV-treatment [11-14], high-temperature treatment [15-21], thermo-ultrasonication [12,22,23],
high-intensity pulsed electric field [24], and high-pressure treatment, are being studied [1,2,12].
However, these methods have not yet been introduced into routine practice in Human Milk
Banks [1,2].

High-pressure treatment (HPT) represents an option that should preserve the high
quality of milk while also removing resistant spores. The high-pressure inactivation of spores
is commonly used to eliminate spores from food products or other materials [1,2,25-31].
HPT is an effective method for inactivating B. cereus since it penetrates the cell wall and
membrane, causing irreversible damage to the cell structure and function. However, it is
important to optimize pressure and time parameters to ensure the complete inactivation
of microorganisms while minimizing damage to milk quality [32]. Typically, the process
involves subjecting spores to high pressure, typically between 100 and 800 MPa, for specific
periods of time; this process is effective against a wide range of spores, including those of
B. cereus and Clostridioides difficile [33].

The advantage of high-pressure inactivation is that it does not require the use of
chemicals or heat that could impair the quality of the product (including HBM) and
thus, can be used to treat products sensitive to heat or chemicals. On the other hand,
high-pressure inactivation may not be suitable for all types of products, since some can
be damaged by high pressures. It is important to carefully evaluate the product and
the specific application before its use [34]. The current goal of HPT is to optimize these
methods in order to achieve the best possible results in terms of nutrient retention and
microbiological safety [9].

Demazeau et al. (2018), after applying various optimization tests, defined the con-
ditions under which all vegetative forms and bacterial spores (such as B. cereus) were
inactivated. The optimal parameters were the following: pressure 350 MPa, temperature 38
°C, treatment rate = 1 MPa-s~!, for four cycles with cycle duration 5 min each, and latency
time (with normal pressure) between each cycle—5 min. Additionally, they found that the
bioactivity of many main components, including lipase, x-lactalbumin, casein, lysozyme,
lactoferrin, and immunoglobulin IgAs, was preserved [2]. Fekraoui et al. investigated
the advantages of using cycled HPT compared to continuous HPT on the inactivation of
Bacillus subtilis (B. subtilis) and B. cereus spores [35]. In his review work, Billeaud (2021)
proposed to use high hydrostatic pressure (HHP) with four pressure cycles in the range
of 50-150 MPa to promote the germination of B. cereus followed by a pressure of 350 MPa
to kill 10° CFU/mL of B. cereus spores while retaining 80~100% of lipase, lysozyme, and
lactoferrin activity, and 64% of immunoglobulin IgA [1]. Furukawa et al. (2021) measured
the germinating and inactivating effects of cycled HPT (using six cycles of 5 min compres-
sion followed by rapid decompression) compared with continuous pressure using heat
sensitivity (i.e., 70 °C/30 min). The results showed that compression could initiate spore
germination, and rapid decompression could inactivate germinated spores [25].

Hayakawa et al. measured the effect of high pressure on thermoduric (resistant to high-
temperature heat treatment) spores of Bacillus stearothermophilus, comparing two modes:
Mode I = 800 MPa/60 °C/60 min and Mode II 800 = MPa/room temperature/60 min.
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Mode I resulted in a decrease in the spore count (from 10° to 10> CFU per mL). Cycled
pressurization (i.e., six cycles, 5 min each) of 400 MPa/70 °C produced similar results to
Mode 1, i.e., spore counts decreased from 10° to 102, while cycles using 600 MPa produced
complete sterilization [26].

Obaidat et al. reported the effect of using moderate hydrostatic pressure (40-140 MPa)
at a moderate temperature (37-58 °C) to inactivate the spores of B. subtilis. The results
showed that spore inactivation was exponentially proportional to the time exposed to
pressure; pressures below 100 MPa and temperatures of 60 °C led to spore inactivation [27].
Doona et al. devised a “quasi-chemical” model for bacterial spore germination dynamics
using HPT, which helped to promote effective reductions in bacterial spores [33].

The purpose of our research was to compare two methods of high-pressure inactivation-
pressurization in cycles vs. continuous pressurization-performed on one device, using
identical samples and reducing the number of spore-forming microbes, thus reducing
the amount of discarded breast milk associated with it. The novelty of our work consists
in verifying both procedures on a large set of data. To our best knowledge, there is not
study on the same material with the same microorganisms using a four-peak high-pressure
technology and a technology that used only one peak with the same pressure holding time
as the individual peaks combined.

2. Materials and Methods

In our work, we used the findings of Demazeau et al. and Fekraoui et al. and verified
the effectiveness of these methods on a larger data set [2,35]. In the case of pressurization
in cycles, we also analyzed the effectiveness of the method for inactivating spores after
each completed cycle. For testing in eight separate experiments, isolates of B. cereus came
directly from breast milk (28 samples from the University Hospital Hradec Kralové—UH
HK), and also from the Laboratory of the University of Chemistry and Technology Prague
(80 samples, a collection strain of B. cereus CCM 869 (WDCM 0001)), Faculty of Food
and Biochemical Technology (UCT). Control blanks were prepared for each experiment.
Figure 1 shows the algorithm of the entire set of experiments. A total of eight experiments
were conducted, whereas experiments No. I-V were performed with milk inoculated at
UCT and experiments No. VI-VIII were carried out with milk inoculated at UH HK.

Laboratory of the University of

Milk Bank Chemistry and Technology Mt Rea§a1c11
University Hospital Hradec Krélové Prague. Faculty of Food and Institute Prague b  of il
Biochemical Technology aU:):i\a,:i%yo O}Ie
Experiments No. I-V Chemistry and
Technology Prague,
Preparation of B. cereus - Faculty of Food and
spore suspension Inoculation of High pressure ?ﬁoihﬁilml
Transport - - milk samples [Transport inactivation echnology
Frozen milk ’ MIHEwinE with B. ce’ieus il e B. cereus
. — | and B. cereus | i — — :
P S | collection High pressure enumeration
strain inactivation Department of
Method Il Clinical
Microbiology
University
A Hospital Hradec
Kralové
Milkthawing and
Tommmort inoculation by B. TER S

v

cereus strains from
clinical isolates

Department of Clinical Microbiology

University Hospital Hradec Kralové Experiments No. VI-VIll

Figure 1. The algorithm of the experiment.
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2.1. Sample Preparation—Inoculation with B. Cereus Spores at UCT
2.1.1. Preparation of the B. cereus Spore Suspension [36]

For the inoculation of the breast milk samples, the reference strain B. cereus CCM
869 (WDCM 0001) was used. The preparation of the spore suspension took place in two
phases. First, the strain of B. cereus from the original gelatin disk was grown in Brain
Heart Infusion broth (BHI; Merck, Darmstadt, Germany) for 48 h at 30 °C. After initial
multiplication, cells were centrifuged 6000 g/10 min (Rotanta 460R, Andreas Hettich GmbH
& Co. KG, Tuttlingen, Germany) and the pellets were resuspended in a sterile physiological
solution. This suspension was then incubated at 30 °C to induce sporulation. The total
number of B. cereus cells and the concentration of spores were continuously checked.

2.1.2. B. cereus Spores Concentration Determination [37]

To determine the concentration of B. cereus, a 1 mL aliquot was taken from the sus-
pension. The total number of B. cereus was determined by plating on Tryptone Soya Agar
(TSA, Oxoid, Hants, UK). To determine the number of spores, cells in the vegetative state
were eliminated by a heat treatment of 75 °C for 11 min. This was followed by decimal
dilution and plating on TSA medium. After 5 days, the required concentration of 10°-
10® spores/mL was reached (specific numbers are presented in the tables for individual
experiments).

2.1.3. Preparation of Samples for High-Pressure Inactivation at UCT [37]

Breast milk samples were then inoculated with a suspension of spores of known
concentration. First, 1 mL of sample suspension was added to 100 mL of thawed breast
milk. After inoculation, the milk samples were divided into 2 bags of 50 mL each (NUK,
Dolni Bousov, Czech Republic). A control milk sample (BLANK) was also inoculated in the
same way. To verify the initial spore counts in the samples, a 1-mL aliquot was taken from
several randomly selected bags, and after heat treatment (75 °C/11 min), was transferred to
selective Mannitol Egg Yolk Polymyxin agar (hereafter MYP, Merck, Darmstadt, Germany).
The use of selective agar eliminates any accompanying microflora in the milk and allows
for the clear differentiation of typical B. cereus colonies based on the unique appearance
of the colonies on the agar surface (dull pink colonies with a zone of precipitation). Thus,
the initial concentration of spores in a 1 mL milk sample was experimentally verified. The
number always corresponded to a 100-fold dilution of the suspension used for inoculation
(100 mL of milk + 1 mL of initial suspension).

2.2. Sample Preparation—Inoculation with B. cereus Spores at UH HK
2.2.1. Preparation of B. cereus Suspension from Collected Clinical Isolates [38]

For this experiment, we used a B. cereus strain derived from common clinical samples
isolated in our previous research [5,6]. These strains were revitalized and cultivated on
Columbia agar (Oxoid, Ltd., Hampshire, UK) for 24 h to achieve typical quantities of
B. cereus. Using a densitometer, suspensions with a base of 0.5 McF (McFarland) were
prepared, followed by a 10-fold dilution.

2.2.2. Preparation of Samples for High-Pressure Inactivation at UH HK [38]

Frozen 100 mL bottles of HBM were thawed in the refrigerator for 24 h, then stabi-
lized in a 22 °C water bath. Before inoculation, the initial concentration of B. cereus was
determined in all bottles using the cultivation on blood agar (1824 h at 35 & 2 °C). The
milk samples (in 100 mL bottles) were inoculated with the B. cereus suspension prepared
as described above, and each sample was divided into two parallel aliquots and placed
into bags (NuK, Dolni Bousov, Czech Republic). Samples of 0.5 mL were taken from each
inoculated bottle and cultivated on blood agar for 18-24 h at 35 & 2 °C to determine the
exact concentration of bacteria after inoculation. After a 24-h culture, i.e., the following day,
we counted the resulting quantity of B. cereus on the agars before and after inoculation.
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2.3. High-Pressure Treatment Procedure

The samples with a volume of 100 mL were treated in plastic sealed bags (NUK, Dolni
Bousov, Czech Republic) (Figure 2) using a high-pressure isostatic press CYX 6/103 (Zd'as
join-stock company, Zd'ar nad Sazavou, Czech Republic) (Figure 3), with a chamber volume
of 2 L, tempered to 38 °C.

p—

_‘ -I volume

Figure 2. Plastic bags with milk samples intended for pressurization.

Figure 3. The high-pressure isostatic press CYX 6/103 (Zd'as join-stock company, Zd'ar nad Sazavou,
Czech Republic).

2.3.1. Pressurization in Cycles

The samples were subjected to increasing pressure for approximately 5 min during
each cycle. After reaching a pressure of 350 MPa, there was a 5-min hold, followed by
rapid depressurization. The entire cycle, each lasting 10 min, was repeated four times.
The sample was then cooled to 5-8 °C and sent for analysis. Figure 4 shows, in detail,
the pressure changes during one cycle, without a pause after decompression. Figure 5
illustrates, in detail, the pressure increase during the first 5 min of the cycle, i.e., pressure
was increased in 3-s increments, followed by a 27-s period of equalization. An equalization
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period was included to achieve an overall average pressurization rate of 1 MPa per second.
(Note that Figure 4 only shows the pressure changes during the first 2 min of a single cycle).
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Figure 4. Pressurization cycles—pressure changes during one cycle.
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Figure 5. Pressurization cycles—detail changes.

After all four cycles were completed, the samples were subjected to microbiological
analysis (Experiments No. I-III). The following experiments (No. IV and No. V) were
performed to show how the microbial load decreased after each completed cycle. Individual
samples were subjected to a pressure of 350 MPa according to the schedule presented in
Table 1. The results of this experiment were also compared with continuous pressurization
(i.e., without cycles) at 350 MPa /38 °C/20 min (two samples, No. 9 and 10). Sample BLANK
1 and BLANK 2 underwent the same temperature history but were not pressurized.
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Table 1. Chronological course of sample pressurization in four cycles with successive sampling in
experiments No. IV and No. V.

Cycles, Pressure 350 MPa, 38 °C

Sample No. Cycle 1 Cycle 2 Cycle 3 Cycle 4
land 2 5 min
3and 4 5 min 5 min
5and 6 5 min 5 min 5 min
7 and 8 5 min 5 min 5 min 5 min

2.3.2. Continuous Pressurization [35]

Samples were subjected to increasing pressure over 5-6 min. After reaching a final
pressure of 350 MPa/38 °C, the samples were held at these conditions for 20 min; after
depressurization, the samples were cooled to 5-8 °C and sent for analysis.

2.4. Microbial Analysis of Samples
2.4.1. Microbial Analysis Performed at UCT [36]

After the HPT of the milk samples, the total number of B. cereus in all the samples
was determined. A standard methodology was used: a ten-fold dilution of the sample,
spreading 200 pL on the surface of selective MYP agar (elimination of accompanying
microflora), and the calculation of CFU/mL.

The control samples of milk, i.e., without pressure treatment (BLANK), were processed
in the same way. In addition, the number of spores present in the control samples was
determined (thermal heating and subsequent spreading on MYP, see previously described
procedure). The goal was to verify the effect of time and temperature during sample
handling on both the total number of B. cereus and the number of spores that can germinate
into vegetative forms during the process. The determination of the effectiveness of the
pressure treatment could be distorted if there was a significant reduction in the number of
spores during the sample handling of the samples.

2.4.2. Microbial Analysis Performed at UH HK [38,39]

It was assumed that only spores survive pressure treatment, so the resulting number
corresponds to the number of spores. The number of spores was verified using a quantita-
tive method; the inoculation of the milk samples on blood agar (incubation for 18-24 h/at
35 £+ 2 °C) [39] and also by inoculation into thioglycolate broth followed by inoculation
on blood agar (incubation for 18-24 h/at 35 &+ 2 °C), with results of either “positive” or
“negative” [38]. BLANKs underwent the same thermal history but without pressurization.

2.5. Statistic Methods

The data were statistically evaluated using MS Excel 2016 (Microsoft Corp., Redmond,
WA, USA) and NCSS 10 statistical software (2015, NCSS, LLC., Kaysville, UT, USA, and
available online: ncss.com/software/ncss (accessed on 21 April 2023)). The data from
normally distributed populations with more than 10 results in a test group were described
using the mean and standard deviation of the sample (X = SD), while the other data were
described using the median and the first and third quartiles of X (1st Q, 3rd Q). For the
effectiveness of the individual pressurization methods used for the data from the samples
inoculated at UCT, the Equal-Variance T-Test at o« = 0.05 was used, and for the data from
both pressure methods for the samples inoculated at UH HK, the Wilcoxon Signed-Rank
Test at o = 0.05 was used.

We also compared residual microbial contamination for both pressurization methods
using the Equal-Variance T-Test; to adjust for multiple comparisons and keep the « at level
0.05, the Bonferroni correction was used. Thus, the resulting « for a single comparison
was 0.017.
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3. Results
3.1. Efficiency Comparison of Both Pressure Methods for Samples Inoculated at UCT

Table 2 contains basic descriptive statistics for the data obtained from both methods
of pressurization in two experiments (No. I and No. II). We statistically proved that
pressurizing in cycles led to a significantly (o« = 0.05; p < 0.001) lower number of spores
than continuous pressurization, i.e., pressurizing in cycles appeared to be more effective
at inactivating B. cereus spores. The results of Experiment I and II are also presented in
Figures 6 and 7.

Table 2. Results of the Two-Sample Equal-Variance T-Test from data for both methods of pressuriza-
tion. P1 denotes pressurization in cycles, P2 denotes continuous pressurization, n denotes number of
evaluated samples. The asterisks denote statistically significant differences.

Experiment No. I II
Initial Count of B. cereus Spores CFU/mL 100 10°
Method P1 P2 P1 P2
n 10 10 10 10
Minimum CFU/mL 100 1200 53 400
Maximum CFU/mL 290 2900 150 650
(Mean + SD) CFU/mL 191 £82* 18804+494 110£33* 535+81

We also selected six representative samples from the entire data set for which a
complete set of measurements was performed, and we determined the percentage decrease
in B. cereus (CFU/mL) compared to the nominal value (Table 3). We demonstrated that
both methods led to statistically significant decreases in microbial contaminants (e« = 0.017,
p = 0.365). The slightly higher efficiency of pressurization cycles, i.e., method P1, is shown
in Figure 8, which, however, was not found to be statistically significant.

3500

3000

L
N
S
S
S

2000

1500

Amount of B. cereus (CFU/mL)

1000

500

P1 P2
Method of Pressurization

Figure 6. The resulting amount of B. cereus (CFU/mL) after applying pressure in cycles (P1) and
continuous pressure (P2) in experiment I. The midline of the boxplot denotes the mean, the top
line + SD, the bottom line—SD, and the whiskers denote the maximum and minimum values. The
asterisk indicates the statistically significant results.
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Figure 7. The resulting amount of B. cereus (CFU/mL) after applying pressure in cycles (P1) and
continuous pressure (P2) in experiment II. The midline of the boxplot denotes the mean, the top
line + SD, the bottom line—SD, and the whiskers denote the maximum and minimum values. The
asterisk indicates the statistically significant results.

Table 3. Percentage of B. cereus CFU/mL after pressurization. P1 denotes pressurization in cycles,
P2 denotes continuous pressurization, n denotes number of evaluated samples. The replicates are
provided in the Supplementary Data (Table S3 in Supplementary Data).

Method P1 P2
n 6 6
Minimum CFU/mL 0.01 0.04
Maximum CFU/mL 1.21 0.93
(Mean + SD) CFU/mL 0.24 +£0.48 0.32 £0.34
1.4
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5
o 04
0.2
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Figure 8. Residual percentage of microbial contamination (CFU/mL) after application of both
pressurization methods. P1 denotes pressurization in cycles, P2 denotes continuous pressurization.
The blue point in the graph represents an outlier.
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3.2. Efficiency Comparison of Both Pressure Methods for Samples Inoculated at UH HK

The breast milk samples were inoculated with a suspension of the B. cereus clinical
strain isolate in an initial quantity of an average of 92 + 64 CFU/mL, median 72 (60; 97)
CFU/mL. Table 4 summarizes the basic descriptive statistics for data after both methods
of pressurization. Because the median and quartile values were zero, we also present the
mean values for informative purposes. The method of pressurizing in cycles has been
shown to be significantly (« = 0.05, p = 0.024) more effective at inactivating B. cereus spores.

Table 4. Descriptive statistics for samples inoculated at UH HK after both methods of pressurization
(Experiments No. VI-VIII). P1 denotes pressurization in cycles, P2 denotes continuous pressurization,
n denotes number of evaluated samples. The asterisks denote statistically significant differences.

Method P1 P2
n 28 28
Median (Q1; Q3) 0 (0;0) 0 (0,0)
(Mean £ SD) CFU/mL 0.04 +£0.19* 0.36 £+ 0.95

3.3. Results of Microbial Analysis of Samples with Successive Sampling: Individual Cycles vs.
Continuous Pressurization

Table 5 shows the number of B. cereus spores after one, two, three, and four pressuriza-
tion cycles and after continuous pressurization, including values for BLANK 1 and BLANK
2 (i.e., temperature but no pressure). The initial inoculated B. cereus spore count in milk
was of the order of 10* CFU/mL (Experiment IV) and 10° CFU/mL (Experiment V). The
presented results showed that after the application of the first and second cycle, the number
of spores decreased to 103 CFU/mL, and after the third and fourth cycle, to 102 CFU/mL.
The pressurization applied in cycles thus inactivated spores most effectively after the third
cycle. Continuous pressure application was able to only decrease counts to 10> CFU/mL.

Table 5. The final amount of B. cereus spores after high-pressure treatment in Experiment No. IV and
V. P1 denotes cycled pressurization and P2 denotes continuous pressurization.

The Amount of B. cereus Spores in CFU/mL

Experiment No. Sample No. P1 P2
1 1.7 x 102
2 1.4 x 102
3 25
4 10
5 10
6 5
v 7 5
8 <5
9 <5
10 20
BLANK 1 2.9 x 10° 2.4 % 10°
BLANK 2 <5 <5
1 43 x 103
2 5.3 x 10°
3 1.6 x 103
4 1.1 x 103
5 5.1 x 102
6 4.5 x 102
\Y 7 2.7 x 102
8 1.8 x 102
9 1.3 x 103
10 1.1 x 103
BLANK 1 54 x 102 6.7 x 10°
BLANK 2 1.2 x 102 2.30 x 10°
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3.4. Pressurization Methods over Time

Figures 9 and 10 show the time courses of pressurization in summary for all runs.
Figure 9 is a graph of the pressurization cycles and Figure 10 shows continuous pressuriza-
tion. The figures show that the time courses of the individual pressures were comparable
in repeated experiments. Individual graphs of each experiment are presented separately in
the Supplementary Data File. The beginning of each cycle cannot be the same due to the
design of the device, which depends on where the multiplier piston stopped during the

previous pressurization cycle.
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Figure 9. Cumulative visualization of pressurization in cycles.
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Figure 10. Cumulative visualization of continuous pressurization.
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4. Discussion

It is well known that HPT activates the receptors of the inner membrane of spores,
which leads to their germination. Subsequently, the high pressure causes the destruction of
some vital enzymes and disturbs genetic mechanisms, such as transcription and translation,
leading to the inactivation of spores [9,29,40]. The higher efficiency of pressurization in
cycles compared to continuous ones aligns with the phenomenon known as sensitization
that can occur with certain stress treatments, including pressure cycles in the context of
bacterial spores. Sensitization refers to the increased susceptibility of microbial cells to
subsequent stress or damage after exposure to an initial sublethal stress. In the case of
pressurization in cycles compared to continuous treatment, the hypothesis is that the first
pressure cycle may trigger the initiation of spore germination or activate cellular processes
that make the spores more responsive to environmental influences. As a result of the initial
pressure treatment, the spores may become more sensitive to external stresses, making
them more susceptible to subsequent pressure cycles. Subsequent pressure cycles can
then have a more significant impact on the already sensitized spores. This cumulative
effect enhances the overall efficacy of the pressurization process [40—-42]. The presented
data show the effectiveness of high-pressure treatment on B. cereus spores, i.e., reducing
counts to less than 1% of the initial values (Table 3, Figure 8). The use of pressurization in
cycles led to lower CFU numbers than continuous pressurization, i.e., pressurization in
cycles appeared to be more effective for the inactivation of B. cereus spores. Overall, we
observed that pressurization led to a reduction in the number of B. cereus spores by three
to four orders of magnitude, which was similarly observed by other authors, including
Hayakawa et al. [26]. Demazeau et al. reported a reduction of up to six orders for both
Staphylococcus aureus and B. cereus [2].

Although the input samples inoculated with B. cereus collection strain at UH HK had
the quantities commonly found in clinical isolates, the higher efficiency of our method
compared to conventional Holder pasteurization was clearly demonstrated. The cumu-
lative visualization of pressurization cycles vs. continuous pressurization presented in
Figures 9 and 10 demonstrates the reproducibility of both pressurization methods. As for
the samples inoculated at UCT, the actual number of spores after milk inoculation was
verified using several randomly selected samples with the assumption that all inoculated
milk samples were equivalent if the same procedure was followed. Only samples with
completed sets of measurements were used for statistical evaluation. For example, in
experiment No. III, there was a loss of spores after milk inoculation, so the data from that
experiment were excluded from statistical evaluation. Complete data are available at the
Supplementary Data (Tables S1-S3).

The authors present the results of their experimental study aimed exclusively at the
evaluation of the high-pressure treatment on B. cereus, that can cause severe infection in
premature babies [3,43—48]. This technology is an alternative to Holder pasteurization,
which has been used for many years by Human Milk Banks as the standard method
recommended by EMBA [49]. One of the reasons for its popularity is its effectiveness on
the HIV, CMV, and HTLV viruses [50]. Moreover, its effectiveness on the Ebola and Zika
viruses was recently demonstrated [51,52].

However, Holder pasteurization is ineffective against B. cereus spores [53]. De-
mazeau et al. has noted the effectiveness of the high pressure of 350 MPa on B. cereus
spores [2]. The long-term experience of Human Milk Banks [49] as well as the results of
our previous studies [5,6] showed that pasteurized milk safety can be achieved if routine
post-pasteurization evaluation is performed and if samples (bottles) with positive microbi-
ological findings are discarded. The total discard rate due to microbial positivity in our
5-year follow-up ranged between 8 and 10%, with spore-forming microbes accounting
for almost 72% of all positive findings [5]. This was lower than that described by other
authors [48,54]. The proportion of B. cereus contaminated milk in our Bank was also lower
than that described by other authors [46,47,55]. The discard of the pasteurized milk some-
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times led to temporarily lowered milk availability. In the case of the Milk Bank UH HK,
financial losses can reach up to almost half a million CZK (~20,000 €) per year.

Despite the high discard rate, the amount of milk delivered annually from our bank is
sufficient to cover the needs of Pediatric Intensive Care Units [5,6]. However, the discard
rate has prevented the use of banked milk for a broader range of newborns, including
healthy babies that cannot be breast-fed.

Our previous study showed that the quantity of B. cereus in discarded pasteurized
milk was low, ranging from 1 to 100 CFU/mL [6]. The values below 10 CFU/mL, which is
the limit of initial post-pasteurization B. cereus contamination used in Italy, Sweden, and
UK [49], were found in 80% of cases [5,6]. Our initial B. cereus post-pasteurization limit is
below 1 CFU/mL [6], and the same limit is also used in France, Australia, and the USA [49].
This same limit is also planned for use in clinical applications using the high-pressure
treatment of human milk in the future.

If the quantitative data from our previous studies mentioned above are taken into
account, high-pressure treatment would lead to a reduction in the number B. cereus spores
below 1 CFU/mL limit and/or to negativity in the majority of post-high-pressure treatment
bacteriological assessments. By accepting samples with a final “negative” result, we cannot
know with certainty that the samples are free of B. cereus spores [49]. For this reason,
the manipulation of high-pressure treated milk should be similar to the manipulation
of pasteurized milk [6], preferably stored frozen and used within 1 h after thawing and
warming to 37 °C.

High-pressure treatment has some disadvantages when compared to Holder pasteur-
ization. While it has been shown to be effective on HIV and CMYV viruses [10,56], its effect
on other viruses such as Zika or Ebola has not yet been studied [17].

Table 6 lists the advantages and disadvantages of both methods, i.e., Holder pasteur-
ization and high pressurization. The Table shows that the high-pressure method is more
effective on spore-forming microbes, and its use could lead to financial savings. At the
same time, it retains more bioactive substances [1]. A detailed review comparing both
methods was published by Weselowska et al., 2019 [17], and the results of our study will
be published later.

Table 6. A comparison of Holder pasteurization and high pressurization inactivation [5,27].

Parameter Holder Pasteurization High-Pressure Inactivation
Duration 30 min 15-20 min
Temperature 62 °C 38 °C
Spore inactivation No Yes
Gentleness to bioactive substances No Yes
Device operation less demanding more demanding

The use of Holder pasteurization is prescribed in the Czech Republic by a Decree
of the Ministry of Health; however, this does not prevent the introduction of innovative
methods if their efficiency is demonstrated relative to EU rules.

The processing of breast milk is currently regulated at the European Union level by
European Parliament and Council Regulations No. 852/2004 and No. 178/2002, and by
European Commission Regulation No. 2073 /2005 [57-59], which mandate the use of pro-
cedures based on Hazard Analysis and Critical Control Points (HACCP). Microbiological
criteria can be used in the validation and verification of procedures based on HACCP
principles and other hygiene control measures. However, a legislative change is now being
prepared at the European Union level, based on a Recommendation by the European Direc-
torate for the Quality of Medicines & HealthCare, where breast milk should be classified as
a substance of human origin (SOHO) [38]. From this point of view, high-pressure treatment
could be introduced into common practice, provided that the method is directly validated
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for milk banking conditions. Therefore, the high-pressure method should be compared
along with Holder pasteurization. We fully agree with the statement by Wesolowska that
human participant studies are needed to assess promising new human milk processing
techniques [17].

5. Conclusions

High pressurization methods are more effective against B. cereus spores compared
to classic Holder pasteurization, and the application of pressure over several cycles is
even more effective. On a set of 108 breast milk samples, we verified the effectiveness
of two HPTs: (1) 350 MPa/5 min/38 °C in four cycles and (2) cumulative pressure of
350 MPa/20 min/38 °C. These methods reduced the number of spores by 3—4 orders of
magnitude; HPT is more effective in cycles. Additionally, we verified that the method was
reproducible. The implementation of this technique into routine practice could lead to an
increased availability of breast milk for newborn babies, and at the same time, reduce the
costs associated with discarded contaminated milk.

For common practice of the Human Milk Bank, we recommend using HPT of 350 MPa/
5 min/38 °C in three cycles.
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Abstract: Following the debate on food processing, resulting in a negative definition of
ultra-processed products, the improvement of the food system could be pursued through
the co-creation of new food solutions aimed at enhancing human health and increasing
safety and sustainability, in particular by using neglected foodstuff, crops or by-products,
and applying mild processing technologies. The proper management of mild /non-thermal
processing technologies, such as dynamic and hydrostatic high-pressure, vacuum im-
pregnation, ultrasound, pulsed electric field and cold plasma applications, can result in a
less negative effect with respect to the traditional thermal treatments, and, in some cases,
the overall functionality can be improved. In many cases, these treatments can induce
structural changes that improve the bioaccessibility and/or the bioavailability of bioactive
compounds such as probiotic microorganisms. Moreover, non-thermal pretreatments, also
combined with mild thermal drying technology, could lead to a significant reduction in the
total request of energy, even when considering the energy input for their application. A
selected review of results published in the last few years on those strategies is presented,
considering studies carried out within the frame of different national and EU projects.

Keywords: non-thermal technologies; sustainability; healthy food; ultra-processed food

1. Introduction
1.1. Challenges

As is well known, the agri-food production system is called to tackle different chal-
lenges. UN recommendations have also been developed following Food and Agriculture
Organization of the United Nations (FAO) alerts on food production sustainability, which
have been published in some FAO reports, in particular that published in 2011 on Livestock
in Food security [1]. Since the publication of this report, there has been concern about
the environmental sustainability of actual food habits in so-called developed countries,
considering that 75% of available lands are already used for animal production, and 18% of
global gas emissions (14.5% of which result from human activities) are related to animal
(cattle and ruminants in general) production.

Moreover, these concerns might even increase, as the global population is projected
to reach 9.6 billion by 2050, about 1.4 billion more than today, together with increasing
urbanization, thus making it more and more difficult to access locally produced food,
mainly in developing countries [2]. Furthermore, the increase in the world’s population
will be accompanied by an increase in the middle class in those countries where economic
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development is higher; purchasing power goes hand-in-hand with an increasing demand
for richer food, both from a quality and nutritional point of view.

Therefore, it is necessary to provide evidence of the need for change. Firstly, to
guarantee the availability of sufficient and secure food for all in the future; to accomplish
this, scientists, geneticists, agronomists and engineers shall be involved in actions to tackle
climate change and resource reduction in order to pursue a “sustainable intensification” of
food production. Furthermore, the relationship between food /nutrition and sustainability
in a rational approach is related to food losses and wastes. Nowadays, it is well known
that around 30% of global food production is lost or wasted along the food chain, from
production to the consumer’s dish [3]. Farmers, growers, food producers and processors
are mainly involved in introducing technological innovations to reduce food losses from
the field, where raw materials are produced, along with the food chain and distribution [4].

1.2. Nutrition Needs

Recently, the European Food Safety Authority (EFSA) published an update of the Di-
etary Reference Values for the EU, which includes recommended values for microelements
like sodium and chloride, which are examples of the challenges posed by the Reference
Intake Levels of Nutrients and Energy (LARN) recommendations when there is a com-
plex physiological interaction between several nutrients. The updated LARNs have been
differently designed; other than different recommendations for the general population,
it includes those for infants (7-11 months), children and adolescents (1-17 years), adults
(>18 years), pregnant women and lactating women [5]. Following these recommendations,
the Healthy Eating Pyramid was created, addressing other aspects of a healthy lifestyle
(weight control and regular exercise, vitamin D and multivitamin supplements, moder-
ate alcohol consumption, etc.), and is therefore a useful tool for health professionals and
health educators. Another tool is the Healthy Eating Plate, which can be used to create a
balanced meal by following a few simple recommendations. The meal should consist of
vegetables and fruits (! /, of your plate), whole grains, which should be preferred (! /4 of
your plate), protein sources (! /4 of your plate) and healthy plant oils, such as olive oil, in
moderation [6].

1.3. Food Production and Environment

Owing to the aforementioned advice, the recommendation to drastically reduce meat
consumption emphasizes the need to explore new sources of protein that are suitable for
healthily supplying the human body with the required proteins and nutrients. Furthermore,
a swift global food transformation towards healthy diets from sustainable food systems
is even more necessary, and without such a food transformation, the world will not meet
the targets set in the United Nations SDGs and the Paris Climate Agreement. In fact, the
agri-food system is among the major drivers of climate change and other critical climate
factors, such as changes in land use, the depletion of freshwater resources and the pollution
of both terrestrial and aquatic ecosystems; Ref. [7] analyzed several options in order to
reduce the environmental effects of the food system, including dietary changes towards
healthier diets, with high quantities of plant-based products, improvements in technologies
and management, and reductions in food loss and waste. Their analysis showed that it may
be possible to stay within planetary boundaries, considering the environmental pressure
expected by 2050, with a combination of high-ambition measures for greenhouse gas
emissions and nitrogen and phosphorus applications, and with a combination of medium-
ambition measures for cropland and blue water use. Analyzing the options at the planetary
level shows in detail the possible combinations of the different measures. The analysis
showed that an ambitious dietary change toward a more plant-based and flexitarian diet
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is needed to stay within the midpoint of the greenhouse gas (GHG) limit, in combination
with other factors like food loss and waste reduction, and technological improvements,
especially to stay within the mean values of cropland and blue water boundaries [7,8].
On the other hand, there is a need for technological improvement due to the necessity
to achieve a reduction in energy and production factors so to increase food processing
sustainability. Some innovative processing technologies, based on non-thermal physical
principles, promise a lower energy input in food processing, thus combining the “mild”
treatment of food with a better utilization of energy and water resources, which should lead
to more sustainable processes in terms of the environmental impact. The proper validation
of the range of these emerging and novel technologies is, however, needed through accurate
and complete robust data collection so to ensure the full reliability of the introduction of
these new technologies.

1.4. Food Classification

Consumers demand foods that are healthy and palatable, but which are also able
to satisfy the needs linked to changing lifestyles in an increasingly complex relationship
between work, interests, different activities and the time to prepare food.

In this context, the food industry is increasingly moving towards offering processed
foods to provide safe, healthy and palatable food with longer service and shelf-life char-
acteristics to be consumed outside of the home or at home with reduced preparation
time. Nevertheless, in recent years numerous epidemiological studies have highlighted
the relationship between industrial products, generically considered as “processed” or
“ultra-processed” (UPF), and health risks. The increase in obesity and other food-related
problems (e.g., cardiovascular disease and diabetes) has been related to the intensity of
processing according to the NOVA classification [9,10]. A great debate has started around
the topic, with different viewpoints held between nutritionists, food scientists and food
engineers; however, it appears quite clear to the majority of the food science community
that only classifying foods according to the level of processing, considering the number
of ingredients, is not only wrong but also misleading, and could be an obstacle for the
food industry to move forward with innovations [11]. To this end, all functional foods will
be classified as UPFs [12]. In fact, from one side, consumers view UPFs negatively, while
new food trends demand fewer ingredients, “clean labels” and “clean eating” diets [13].
However, the food processing industry could use the occasion of the “processing debate”
to change the narrative in those consumers that view these products negatively, even while
new food trends demand fewer ingredients, “clean labels” and “clean eating” diets. Many
food companies can already point to ongoing initiatives around product reformulation. A
greater attention to food processing could spur innovation in food processing technology,
as well as the introduction of novel, low-impact technologies, even if adding one or more
processing steps [14].

A conceptualization of processed foods was drawn by [15], where processed foods
were divided as a function of the following different aspects: the extent and nature of
change, as well as the place and purpose of processing. From the analysis of the literature
on UPFs and NOVA classifications, and the assumption of the effect on consumers’ health,
and considering the viewpoint of food science and technology, processing and nutritional
value do not have a linear relationship, and these concepts need to be dissociated [15].
Furthermore, the impact of UPFs on greenhouse gas emissions seems to be similar to that
produced with minimal processing. The advancements in food processing technologies
can affect this impact on the entire supply chain, thus reducing the potential threat to
sustainability and biodiversity [12].
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2. Role of Innovation to Introduce Low-Impact Technologies

Following the increasing demand for healthy and functional food, in combination
with enhancing food system sustainability, intensive research efforts have been made to
develop new processing technologies as an alternative to conventional thermal processing
in order to obtain safe products, with respect to conventionally processed products, with
sensory and nutritional properties much more like those of fresh products [16]. The vali-
dation and potential implementation of non-thermal technologies in the food production
chain, including agri-food waste, to enhance the processing efficiency at lower treatment
intensities were reviewed by [17].

In a basic semantic structure, we could imagine a relationship between minimal
processing throughout mild and non-thermal (bio)technologies —> the co-creation of new
food solutions —> the enhancement gut health and the increase in safety and sustainability.

2.1. Cold Atmospheric Plasma

Cold atmospheric plasma (CAP) technology is based on the ionization of a gas mixture
that leads to the formation of excited molecules, ions, electrons and radical species that
co-exist with electromagnetic radiation (UV and visible light). It is considered an innovative
technology that can be applied in food processing for decontamination and stabilization
in the food and packaging industry [18,19]. Recently, research on the application of cold
plasma has been focused much more on different aspects than decontamination, including
toxicant degradation, enzymatic inactivation, functionalization, quality improvement and
nutrient extraction [20,21].

In the frame of a collaborative research project (Italian National Project PRIN PLAS-
MAFOOD), a system composed by a high-voltage generator, a treatment chamber where
you can set the temperature and the operating gas, was realized. Finally, there is the plasma
source itself, as Surface Dielectric Barrier Discharge (SDBD), with optical absorption spec-
troscopy to monitor the process, in order to find a connection between the efficacy of our
treatment and the concentration of different reactive species. The equipment was developed
in collaboration with Alma Plasma, a spin-off of the University of Bologna (https:/ /site.
unibo.it/idea/en/our-innovative-businesses-start-ups-and-spin-offs /almaplasma-srl (ac-
cessed on 26 June 2025)) [22].

Cold plasma treatment was used first as a decontamination treatment to extend
the food shelf-life, like in the case of fresh-cut fruit [16,23], where the microbial growth
and enzymatic activities of fresh-cut melon, apples and kiwifruit were studied. The
results of yeasts, lactobacilli and lactococci on melon samples demonstrated that the tested
cold plasma treatment was very promising in order to stabilize fresh-cut melon samples,
allowing for efficient decontamination. Furthermore, a significant increase in microbial
shelf-life was observed by optimizing the treatment time, which was due to delayed growth
during the storage of the surviving spoilage microflora. Another very interesting approach
to assess the cold plasma effect on product quality was the use of isothermal calorimetry
(TAM) in order to evaluate the metabolic response to stress in fresh-cut tissue through the
determination of metabolic heat production. The results regarding this approach showed
that the heat production of the treated samples was significantly lower compared to the
controls for all 24 h of the analysis, proportionally to the treatment time. The calculation
of the total metabolic heat produced by the fruit tissues during storage at 10 °C and the
differences among the samples were more pronounced after 24 h of analysis compared
to after 12 h. Considering the enzymatic activity, a slight reduction was observed, but
this effect was dependent on the type of enzyme considered, since peroxidase (POD) and
pectin methylesterase (PME) activities were assessed. Cold plasma was also used for
virus decontamination, both as gas and as plasma-activated water (PAW). Hepatitis A
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virus (HAV) and Noroviruses, using murine Norovirus (MNV) as a surrogate for human
Noroviruses, were tested. The viral stocks used were HAV strain HM175 and MNYV strain
MNV-1. Reduced infectivity and viral integrity PCR (EMA-rt-q-PCR) were evaluated [24]
according to the literature [25]. As a consequence of the experience carried out on foodborne
viruses, during the COVID-19 pandemic, the application of CAP was forwarded on the
decontamination of SARS-CoV-2 from food and food packaging surfaces. CAP treatment
for 10 min completely degraded the inoculated SARS-CoV-2 RNA molecules on packaging
materials and packaged products, whose concentration resulted below the detection limits
for each target sequence as detected by the RT-PCR reaction performed using the n-COVID
Allplex SARS-CoV-2 assay mix [22].

The application of CAP to reduce enzymatic activity was also studied; Ref. [26] carried
out research on the inactivation of polyphenoloxidase (PPO) in sugar model systems to
further elucidate the results already shown in the literature [27,28]. PPO inactivation data
after different exposure times to CAP as a function of the reactive species (O3 concentration)
owing to the CAP treatments, fitted by a first-order model using a Peleg model, showed
that the CAP treatments significantly (p < 0.05) reduced the PPO activity, with inactivation
depending on the processing time (p < 0.05) and ozone concentration in the treatment
chamber. Spectroscopic analyses revealed that the loss of the PPO activity was due to a
change in the protein tertiary structure and the loss of alpha-helices structures [26].

Cold plasma has been applied to decontaminate fish and seafood products, generally
considered as the most perishable foodstuffs, but which is also particularly sensitive to
quality change during plasma treatments [29-33]. In general, the application of cold plasma
caused a reduction from 1 to 3 log CFU/g of naturally present or inoculated microorganisms
on fishery products. The effect depended on the process parameters and the type of the
microorganism to be inactivated. However, the negative effect of cold plasma on these
products, rich in highly unsaturated fatty acids, is lipid oxidation, which could increase in
the treated products due to the highly oxidative power of plasma reactive species [31]. In
the framework of the FutureEUAqua EU project, Ref. [34] investigated the effect of cold
plasma generated (SDBD system) with different gas mixtures on the safety, quality and
nutritional aspects of fresh sea bream fillets. The gas mixtures used were air (80% N, and
20% O,) and Argon (80% Argon and 20% O,), and E. coli and L. innocua were investigated as
inoculated microorganisms. The most effective plasma treatment appeared to be Argon-20,
which had the highest mortality rate for all microorganisms, with a reduction slightly
higher than 1 log CFU/g, with E. coli being the most sensitive microorganism, although the
differences were not statistically significant with the treatment with Air-20. Fatty acids (FAs)
and protein quality were tested in both not-digested and digested samples (according to
the INFOGEST® protocol) to assess the bioaccessibility of FAs. Regardless of the treatment,
no differences in the fatty acid composition were detected between the control and treated
samples, and the only difference emerging from the NMR spectral data was an overall
10% reduction in protein hydrolysis in Air-20 fillets compared to Argon-20 and controls.
With the exposure of seafood to CAP, TBARS concentrations significantly increased up to
about 3.5-4.0 mg MDA /kg, without significant differences among the samples, and this
result agrees with most of the literature. Since lipid oxidation might affect the sensorial
properties of the product, a useful strategy to protect CAP-treated seafood from lipid
oxidation, other than the optimization of processing conditions, could be the application of
natural antioxidant compounds before treatment.

A further enforcement of the use of cold plasma has been the research on the reduction
in mycotoxins in intermediate moisture and dried food so to enhance their healthiness;
Ref. [35] investigated the efficacy of cold atmospheric plasma (CAP) treatment in degrading
the emerging Alternaria toxins as pure molecules and as natural contaminants in dried
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tomatoes. The effects of CAP treatments under O3 and NOy regimes on naturally con-
taminated dried tomatoes with low and high tenuazonic acid contaminations (TeA, the
most abundant Alternaria mycotoxin found in naturally contaminated products) were the
reduction in toxins by about 40% after 15 min and up to 55% after 60 min of treatment. The
15 min treatment on dried tomatoes artificially contaminated at two concentration levels
of TaA led to a more than 20% and more than 35% toxin reduction according to the initial
toxin concentration, confirming that a higher substrate concentration resulted in a greater
mycotoxin degradation. Lower effects have been found on other Alternaria toxins, such
as alternariol (AOH), alternariol monomethyl ether (AME), altenuene (ALT) and tentoxin
(TEN). Thus, the results showed that CAP treatment can be an effective method to reduce
different Alternaria mycotoxins in sun-dried tomatoes, ensuring food safety and reducing
mycotoxin contamination in agricultural products.

As previously described, recently, cold plasma treatments were studied to obtain
further objectives than decontamination. Following this approach, Refs. [36,37] studied
the modification of the functional properties of starches of different origins affected by
plasma-activated water (PAW) treatments in order to enhance their technological suitability.
Using PAW treatments of potato starch in combination with annealing (ANN) showed
a synergistic effect in terms of the thermal stability and shear resistance, leading to a
lower breakdown viscosity, higher elasticity and gelatinization enthalpy, probably due to
crosslinking. Modified potato starch obtained using those treatments could be used as a
more sustainable material in food applications for baked goods, as well as a thickening
agent for candies and ice cream, and which is generally used in many processed foods, as
they are better able to withstand the high thermal and mechanical processing conditions in
the food industry. In addition, the PAW and ANN treatments can significantly enhance
the behavior of potato starch in terms of water interaction and the resulting functional
properties. Finally, studies on the functional properties of the pasting properties of normal
maize, waxy maize and potato starches subjected to PAW treatments throughout the deep
rheological analysis of three starches, characterized by different botanical origins and
different compositional and structural properties, led to very interesting results. Cereal
and tuber/roots starches can be successfully modified by PAW, resulting in a promising
strategy for starch modification as a “green” alternative for existing methods of starch
modification in the food industry. The results obtained in those studies, however, show
that the degree of modification is strongly dependent on the starch type (the botanical,
amylose and amylopectin content). Therefore, process optimization based on the specific
substrate appears necessary for obtaining tailored functionality.

2.2. Pulsed Electric Field (PEF)

The exposure of biological cells to an external electric field affects the membrane
permeability; the application of short electric pulses (pulsed electric field (PEF) treatment)
causes a phenomenon called electroporation, when the formation of transient or perma-
nent pores occurs, leading to an impairment of the membrane semipermeability [38—40].
Depending on the level of the applied electric field with an intensity above a threshold
value, the electroporation can be reversible (transient pores) or irreversible (permanent
pores), so that permanent pores are formed and the membrane is damaged, leading to cell
death [41,42]. The electric field strength is typically in the range from 0.5 to 1.5 kV/cm
for reversible electroporation, and from 1.0 to 5.0 kV/cm for irreversible permeabilization,
in plant or animal tissues. The irreversible electroporation (with an electric field strength
of 20-50 kV /cm) is also widely applied for enzyme and microorganism inactivation [43].
Nevertheless, in the last years more work has been performed on the benefit that PEF
technology as reversible electroporation can give to mass and heat transfer, and on the
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recovery on bioactive compounds from by-products or neglected products, both crops and
animal products, including seafoods.

An example of the use of low-intensity PEF to improve the mass and heat transfer
is reported by [16], as research led in the context of the FP7 ERA-Net CORE Organic
Plus project.

Reversible PEF was applied in combination with a mild process like the osmotic
dehydration (OD, where water removal occurs without any state change at ambient tem-
perature) of organic strawberry, considering mass process transfers and water distribution,
as assessed by means of low-frequency Time-Domain Nuclear Magnetic Resonance (TD-
NMR). Regarding the mass transfer improvement, the results showed an increase in water
and solid kinetics due to the permeabilization of the cell membranes induced by the PEF

treatment. The application of an electric field intensity of 100 V cm ™!

was already sufficient
to increase the water loss by 12% after 60 min of osmotic dehydration. PEF treatment
effects should be considered time-dependent; the formation and growth of pores in the
membrane are not immediate but continue for several minutes after the treatment. With
regard to the water distribution owing to osmotic dehydration, TD-NMR showed a de-
crease in the mean transverse relaxation time (T2) values of the water populations during
the osmotic treatment due to the water removal and the different water—solute-biopolymer
interactions. In the PEF-treated samples, a fast T2 decrease was observed immediately after
the treatment due to the different water—solute—biopolymer interactions induced by the
loss of compartmentalization within the strawberry tissue. Thus, the results showed that
the OD efficiency could be highly improved by the PEF pretreatments by facilitating the
diffusion of the inner water by affecting the membrane permeability. Finally, the highest
quality properties, as determined by the firmness and color, were obtained using a trehalose
and CaCl; solution as the osmotic agent. Cell viability was partially maintained in the
strawberry samples treated with an electric field strength intensity of 100 V em 1.

In [17], the combination of PEF and osmotic dehydration treatments prior to the final
air-drying process (led at low—medium temperatures) to obtain shelf-stable products using
kiwifruit waste (undersized fruits) has been reported. Different mathematical models were
used to fit the drying kinetics, and the results showed that the PEF/OD-treated sample had
higher drying kinetic rates, presenting better quality and acceptability as measured from
both instrumental and sensorial analyses.

The combination of PEF with mild air drying was performed on vegetables by [44],
applying PEF pretreatments prior to low—medium-temperature air drying (40°, 55° and
70 °C). The results showed an acceleration of the drying kinetics from 32% to 48%, according
to the drying temperature, to reach the final target water activity (aw = 0.30) in the dried
samples of black cabbage. In carrots, the application of PEF before convective drying at
70 °C reduced the drying time by 6.9-8.2% in comparison with the untreated material [45].
In addition, better color retention was recorded in the PEF-treated samples in comparison
with the untreated dried samples.

As mentioned above, the application of low-intensity PEF to achieve reversible elec-
troporation has been widely used to recover bioactive compounds from by-products or
neglected products. Following this strategy, the application of PEF was studied to improve
bioactive compound recovery from brewery by-products [17,46]. Response surface plots
were used to show the combined effects of process variables for free phenolic compound
and flavan-3-ol extraction from brewers’ spent grains (BSGs). The obtained optimal PEF
conditions (2.5 kV/cm, 50 Hz and 14.5 s) improved the yield of free and bound phenolics
by 2.7 and 1.7 times, respectively, compared to the control samples without PEF treatment.
The total phenolic content (free and bound) obtained in brewers’ spent grains after the
PEF treatment at optimal conditions (640.46 g g~ ! d.w.) was 43.23% higher than in the
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control sample (363.58 ug g~ ! d.w.). These phenolic extracts could be useful as ingredients
in the food industry because of the low cost and high nutritional value of BSGs [47]. These
extracts could be used to enrich bakery products such as bread, biscuits, cookies and
pasta products.

Another interesting application of PEF to recover functional compounds from ne-
glected sources is to improve the extraction of chitin, chitosan and carotenoid from seafood
by-products [48]. In fact, chitosan has been studied extensively in the last few years due
to its interesting properties as an antioxidant, emulsifying agent, ingredient in edible and
active films/coatings, flocculating and clarifying agent, and food preservative, having
antimicrobial and antifungal properties. In food formulation, chitosan can be used as food
fiber, in the immobilization of enzymes and as a stabilizer of color, texture and odor [49,50].
PEF has been used to improve the recovery of chitin and chitosan, which is its deacety-
lated form, from crustacean by-products [51], following the methodological approach to
apply non-thermal technology—including ultrasound, high-pressure processing, pulsed
electric fields, cold plasma and supercritical fluid technology—in the extraction of valuable
components from wastes and by-products. In fact, crustacean by-products obtained from
the processing plant, namely, heads, shells, pleopods and tails, contain different valuable
compounds, such as chitin and chitosan, carotenoids, lipids and proteins.

Bioactive compounds or products, obtained from crustacean by-products to be used
in seafood products, have been listed by [49]. Extracted compounds, mainly chitosan,
from the shells of shrimp, crab and prawn, as well as the shrimp cephalothorax, head and
tail, are used in fish sticks, while croaker fish and surimi have different functions, from
antioxidants to cryoprotectants and gelling agents. Carotenoid astaxanthin recovery from
Red (Aristeus antennatus) and Camarote (Melicertus kerathurus) shrimp side streams were
studied using PEF in combination with accelerated solvent extraction (ASE) in order to
valorize a highly valuable by-product but with a general reduction in processing waste [50].
The PEF treatment led to a significant increase in the extraction yield when followed by
solvent extraction. The recovery of astaxanthin in M. kerathurus and A. antennatus increased
by 46% and 48%, respectively, compared to the control. Better results were obtained using
dimethyl sulfoxide (100% DMSO) with respect to absolute ethanol as a solvent. Similarly,
the Trolox equivalent antioxidant capacity (TEAC) and oxygen radical absorbance capacity
(ORAC) of shrimp side stream extracts also showed higher activities with the PEF-ASE
combination. Nevertheless, these technologies are not yet adapted to the reality of the
shellfish processing industry, and extensive research is still needed to find the technological
and economic conditions for their implementation. The advantages and disadvantages of
PEF technology in extraction processes are reported in Table 1 [49].

Table 1. Advantages and disadvantages of PEF technology in comparison with traditional extraction
technologies [49,52].

Technology Advantages Disadvantages

Poorly studied for the compound’s extraction from crustacean

Non-thermal behavior by-products

High selectivity Possible limited utilization due to the conductivity of matrix
PEF Less time and energy consumption High initial investment of PEF equipment
High yields for carotenoid extraction Limited extraction of lipophilic compounds

Does not require any additional chemicals
Can be used in continuous mode

Reversible PEF can promote metabolic stress responses, and therefore influence the
production of secondary metabolites in plant products and cell cultures. Generally, higher
polyphenol, carotenoid and anthocyanin contents during the storage of pumpkin, apples,
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berries, tomato and other vegetables as stimulation due to the reversible PEF treatment, as
well as an increase in glucosinolates in Brassicaceae, was found, probably also due to the
increase in the extractability [53-55].

Stimulating the biosynthesis of plant secondary metabolites with antioxidant and
other biological properties associated with important health benefits through PEF could be
an interesting opportunity for the food industry to meet the increasing demand for foods
with a high functional value.

In the case of olives, corn seeds and soybeans, an increase in the yield of oil in olives,
and an increased recovery of isoflavonoids in soybean oil and phytosterols in maize germ
oil were found, as reviewed by [56].

The application of PEF on seed germination has been reviewed by [57]; reversible PEF
treatments were applied on the seeds of barley, wheat, wheatgrass and others, with a very
wide range of operating conditions. Among the specific effect on different species, consider-
ing wheat seeds, monopolar rectangular pulses with different frequencies, treatment times
and total energy were found to be an alternative to chemical treatments for surface disinfec-
tion, significantly increasing the germination and seedling rates by 10 and 28%, respectively,
compared to the untreated sample, and the PEF treatments allowed for tolerance to cold
and salt stress, together with an improved vigor. All of the reviewed literature hypothesizes
that, as the main mechanism, PEF can improve seed germination and the growth rate by
stimulating a physiological response throughout ROS production and oxidative stress.
Nevertheless, the proper mechanism is still far from being fully understood.

A further successful application of PEF was tested by [58,59], with the application
of PEF treatment to reduce the formation of acrylamide (AA) in potato during frying
(Figure 1).

Raw
Potatoes

Washing and
Sorting

Peeling

Slicing Washing
:s—’
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.
’
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Figure 1. PEF treatment in the pre-frying of potato stick processing (from [58]).

Electroporation was better able to reduce the reagents in the raw material, as sliced
potato, in comparison with the blanching treatment (48% vs. 40% reduction, respectively),
having a higher effect on the reduction in free asparagine than reducing sugars. On the
other hand, blanching—as a thermal treatment—would change other quality properties,
such as the texture behavior, during frying, so that would possibly be avoided. Acrylamide
reductions were found to be around 30% and 17% in the PEF and blanched potato slices after
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frying. In another study, Ref. [59] performed a combination of PEF and yeast pre-treatments
for sliced potato prior to frying, as it was shown that the yeast Aureobasidium pullulans L1
strain can successfully reduce AA formation due to the enzymatic and metabolic activity
of the yeast, which is able to reduce the levels of glucose, fructose and asparagine [60].
Nevertheless, the yeast pretreatment alone led just to a slight AA reduction (around 5%),
while the yeast treatment combined with PEF, followed by water dipping, was the most
effective in reducing AA, leading to a reduction of around 36% and 59%, respectively, for a
5 and 15 min dipping time. Thus, the combination of these non-thermal (bio)technologies
significantly increased the safety of a popular processed food like potato crisps.

2.3. Ultrasound Treatment (US)

Ultrasound (US) is a form of energy generated by sound waves with a frequency
above the hearing threshold of the human ear (18-100 MHz). In particular, high-intensity
(power) ultrasound operates at the frequency range of kHz (18-100 kHz) and waves of
high intensity (>1 W/cm?) [61,62]. The principles of the application of US are based
on the fast compression and expansion of the treated material (the sponge effect) and
cavitation phenomena, which consist of the formation of large bubbles moving from
growth to collapse, causing the liberation of a high quantity of energy. Both phenomena,
the compression/expansion of the tissue and cavitation, promote the disruption of cell
walls and membranes, resulting in the formation of microscopic channels in the biological
material, thereby promoting the alteration of the physical and chemical properties of food
products [63]. Thus, ultrasound-assisted extraction (UAE) is commonly used nowadays in
food technology as a substitute for conventional extraction techniques so to improve the
recovery of bioactive compounds from plant materials, but also to increase food safety, since
US can be successfully used in food enzymes and microbial inactivation [16,64]. A list of US
applications in fruit and vegetable products subjected to different processing parameters
is reported in Table 2. These data are a synthesis of selected results reported in the cited
publications highlighting the US treatments of various fruits and vegetables in terms of
improving the bioactive compound content, and thus the potential impact on consumer
health, which have been widely reviewed in the literature [65-67]. In particular, flavonoids
undoubtedly have great potential to prevent/treat many chronic diseases associated with
oxidative stress and inflammatory components.

Table 2. Ultrasound (US) application in fruit and vegetable products subjected to different processing
parameters (modified from [16]). TPC = total phenolic content.

Product US Parameters Results Obtained by US Application References
. Increase in the availability of pro-vitamin A and
Acerola juice 18 kHz, 2000 to 3000 W/L vitamins B3, B5, C and E [68]
Increase in the extraction rate of TPC (2186 mg of
Carrots 20 °C, 120 min gallic acid /100 g4y ), vitamin C (148 mg/100 ggy) [69]
and f3-carotene (12 mg/100 g)
Carrots 21 and 35 kHz freque.ncy for 10, Increase in the carotenoid content at 35 kHz [70]
20 and 30 min
2 .
Cashew apple 226 W/cm®, bagasse/water ratio Increase in the extraction of vitamin C [71]

bagasse

of 1:4 (w/w), 6 min

169



Foods 2025, 14, 2332

Table 2. Cont.

Product US Parameters Results Obtained by US Application References
Retention of Vit. C with 30 min, while loss with
Cranberr 21 kHz, longer treatment [72]
y 180 W, 30-60 min Good retention of polyphenols, anthocyanins and
flavonoids for both durations
Cranberr 21 kHz, Increase in bioactive compounds such as Vit. C, [72]
y 180 W+ blanching polyphenols, anthocyanins and flavonoids
22-83 °C, tea-to-water ratio Max. polyphenol content (12,318 mg L~!) and max.
Green tea (12-73 g L~h, amplitude flavonoids (3774 mg L~1) at 77 °C, tea-to-water [73]
(23-77%) ratio of 73 g L~! and amplitude of 77%
Guava leaves 24 kHz, 200 W, 40 min, Increase in the extraction of flavonols and [74]
ethanol/water (v/v) ratio of 60% flavan-3ols
Optimal TPC extraction of 18.10 £ 0.24 mg
Lemon g tro . . GAE/gqy at US power of 250 W, 50 °C and 45 min
by-products 150-250 W, 45-55 °C, 35-45 min Optimal rutin extraction of 3.20 & 0.12 mg/ g4, at [75]
US power of 150 W, 48 °C and 35 min
Peaches 37 kHz, 10-30 min, 30-50 °C, The optimal conditions for extractions of TPC [76]
ultrasonic power of 30-70% were 41.53 °C, 43.99% and 27.86 min
Pumpkins 37 kHz, 10-30 min, 30-50 °C, The optimal conditions for extractions of TPC [76]
p ultrasonic power of 30-70% were 41.45 °C, 44.60% and 25.67 min
At short times, no effect on bioactive compounds;
Sour cherry 25 kHz (0.4 W/cm?), 30-120 min  prolonged application provoked loss of about 10% [77]
of total polyphenols
37 and 80 kHz, 5-30 min, Max. total phenol (33.96 + 11.30 mg gallic
Spinach 30-50 °C, ultrasonic power of acid/gqy) and flavonoids (27.37 £ 11.85 mg/gqw) [78]
30-70% at 37 kHz, 30 min, 40 °C and 50%
Strawberry 40-70 °C and 30 and 60 W >65% of Vit. C retention in dried product [79]
Sweet potato 28 kHz, 300 W, 20-60 min >70% of Vit. C retention in osmodehydrated [80]

product; however, higher loss of carotenoids

It is well established that ultrasound treatment can increase the mass transfer during
the osmotic dehydration of different plant tissues, but the complete overview of the effects
that this technology can have on the quality of a specific fruit, like kiwifruit, was largely
missed. The study of the selected chemical and physical properties of differently treated
kiwifruit is described by [81]. The water activity, freezable water content, texture, color
and chlorophyll content of ultrasound-treated kiwifruit were investigated. In addition, the
effect of combined treatments (US pretreatment and OD process) on the above-mentioned
physico-chemical kiwifruit characteristics was also studied. Generally, the obtained results
allow us to claim that US reduced the dehydration time and reduced the oxidation of
bioactive components exceptionally at lower temperatures due to the thermolabile character
of most substances. Some nutrients can be lost in the liquid phase during the preliminary
US treatment. Nevertheless, in most cases, the influence of US pretreatment has been shown
in dried products, where the untreated samples exhibited lower quality attributes than
the US-treated samples [81]. Ultrasound-assisted osmotic dehydration was also applied to
cranberries, where a 30 min sonication at 21 kHz and a total power generated by sonotrodes
of 180 W, corresponding to an intensity of 3.6 W/g, was used before the OD treatment was
carried out, using sucrose and trehalose as an osmotic solution [81]. The results showed
that the best mass transfer values in terms of water removal were obtained in cranberry
samples subjected to the combination of OD with sucrose and US treatment. Furthermore,
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US pretreatment led to a lower weight reduction in samples during storage if treated with
any osmotic solution in comparison to those without US pretreatment. The US pretreatment
also promoted benefits when considering qualitative characteristics, for example, in the
color lightness maintenance, compared to the untreated fruits. Going more deeply into the
mechanism of the influence of US treatment on the water state and quality properties, US-
and OD-processed cranberry fruits (whole and cut) were studied by differential scanning
calorimetry (DSC), SEM microscopy and TD-NMR measurements. While whole fruits
demonstrated only a slight effect of the ultrasound treatment, owing to the very tough skin
of cranberry, the OD process of cut fruits showed a larger action of the US treatment on the
mass transfer. US-assisted OD samples were shown to release water from the vacuoles into
extracellular spaces through TD-NMR analysis, and the uptake of sugar as mass transfer
from the solution to the fruits showed a significant increase by sonication.

As previously cited, ultrasound-assisted extraction (UAE) has also largely been studied
to increase the yields of functional compounds extracted from by-products, underestimated
raw material or neglected products [82]. In [74], as an example, the optimal conditions
for the application of UAE to the extraction of phenolic compounds from Psidium guajava
L. leaves were studied. Using Response Surface Methodology (RSM), it was possible to
design optimized extraction processing conditions by combining the ethanol /water ratio
and US power as processing factors, with flavonols, flavan-3-ols, DPPH, TEAC and the sum
of phenolic compounds (SPCs) as dependent factors. This is very interesting to highlight,
as the optimal conditions found by RSM could be different, even significantly different,
when taking into account the different functional compounds or properties, as reported
in Table 3. These results are very promising because the increase in flavonoids has the
great potential to prevent/treat many chronic diseases associated with oxidative stress
and inflammatory components, such as cardiovascular diseases, cancer, mental health,
gastrointestinal diseases and others [66].

Table 3. Optimal conditions obtained by RSM for ultrasound-assisted extraction of different functional
compounds/properties from guava leaves (adapted from [74]).

RSM Optimal DPPH (umol TEAC (umol SPC (mg/g Flavonols (mg/g Flavan-3-ols
Conditions Trolox/g Leaf d.w.) Trolox/g Leaf d.w.) Leaf d.w.) Leaf d.w.) (mg/g Leaf d.w.)
Time (min) 22 45 41 38 37

EtOH/water
ratio (% (2/7)) 54 58 62 62 63
US power (W) 80 180 230 235 228

2.4. Dynamic/Hydrostatic High-Pressure Processing

High-pressure (HP) advanced technologies are promising processing technologies
that could by widely used in the food industry due to their valuable features.

High hydrostatic pressure (HHP) consists of the treatment of food products, which are
packed and placed in a liquid-filled pressure chamber at a high pressure of 100-1000 MPa
at chilled or mild process temperatures (<45 °C), in order to achieve microbial inactivation,
modification and extraction. During the treatment, the high pressure compresses the food,
causing a reduction in the volume, which counteracts the external forces through the
food’s chemical structure [83,84]. Conversely, high-pressure homogenization (HPH) is a
food processing technique that uses high pressure to reduce particle sizes and inactivate
microorganisms, thus improving product stability and safety. HPH involves forcing a
liquid food product through a small valve at high pressures (typically 100-300 MPa). The
intense shear forces, turbulence and cavitation are then created in the liquid food. These
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forces break down large particles and droplets into smaller, more uniform sizes, resulting
in a more stable emulsion or suspension [85-87].

Recently, significant research efforts have been devoted to studying the development
and the optimization of HP homogenization and HP hydrostatic processes [88,89]. Nev-
ertheless, the impact of the high-pressure effect on the nutritional properties for poorly
investigated raw material is still unknown, even though it is generally considered that,
when compared to a corresponding thermal treatment, HHP seems to reduce vitamin loss
and improve its maintenance during storage. In orange juice pressed at 100-400 MPa from
30 to 60 °C up to a 5 min treatment time, an increase in the hesperidin concentration as
a function of the applied pressure was observed, but not for flavanones. After 10 min of
treatment of HHP at 400 MPa on apple juice, an increase in hydroxycinnamic, procyanidin
acid and catechin contents was reported, as reviewed by [16].

A metabolomic approach to evaluate HPP/HHP treatments has been performed
by [90] on minced gray mullet (Mugil cephalus) during chilled storage. Samples pasteurized
by high hydrostatic pressure (HHP) at 0, 400, 500 and 600 MPa were analyzed using
proton NMR-based metabolomic techniques, alongside microbial analysis. HHP showed
bacteriostatic properties reducing the bacterial counts and a positive influence on the
formation of volatile compounds, thus demonstrating the efficiency of HHP as a non-
thermal technology to preserve fish freshness. These findings highlight HHP as an efficient
approach for preserving the freshness of fish, which is also related with the elimination
of common seafood pathogens, such as Vibrio and Listeria spp., and slowing the growth
of spoilage microorganisms [90]. Concerning the effects on the bio-metabolisms, HHP
was able to significantly reduce (p < 0.05) the production of spoilage-related molecules
such as TMA, tyramine, hypoxanthine and ethanol. In fact, the key metabolic pathways, a
part of the lysine metabolism, were influenced by the HHP treatment. The results showed
the ability of the NMR-based metabolomics strategy to effectively identify processing
effects on food matrices. Very interestingly, there was a schematic presentation of the
effect of the HHP treatment on the different metabolism pathways, such as the amino acid,
carbohydrate, pyruvate, nitrogen and nucleotide metabolisms, and on the level of efficacy
in stimulating the increase in metabolite concentrations extracted from different treatments.
Nevertheless, further research and development are needed to find a preservation method
able to inhibit the lysine metabolism, as pointed out by [91].

High-pressure technologies are also used in dynamic processes for fluid food in the
form of high-pressure homogenization (HPH). The application of this technology can
impact both the stability, with partial sanitation prolonging the product shelf-life, and
the improvement of the nutritional, sensorial and textural properties of foods, like juices,
beverages, emulsions and purees. On the other hand, although phenolic compounds
have a key role in the health benefits of fruit juice consumption, little is known about
the effect of processing on their bioaccessibility; Ref. [92] reported on the impact of high-
pressure homogenization processing at 20 MPa on the nutritional and functional value
of mandarin juice with and without the addition of trehalose and probiotic Lactobacillus
salivarius. During digestion, there is a release of phenolic compounds from the food matrix,
which is an important prerequisite for their effectiveness in the human body, and so it
is essential to find technological treatments that not only maintain the concentration of
phytochemicals, but also their bioaccessibility. HPH treatments were shown to reduce the
concentration of total phenolics and the main flavonoids, but also to significantly increase
their bioaccessibility after in vitro digestion, probably due to the disruption of cells and
membranes, which can increase the availability of functional compounds. Further positive
results were related to the total antioxidative capacity (TAC) not reduced by the HPH
treatment, and the effect of the treated juices against ROS generation and lipid oxidation in
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cultured liver cells (HepG2 cells) in a basal condition. HPH-treated citrus juices with the
addition of a probiotic were the most protective samples both in terms of the accessibility of
bioactive molecules and the concentration of reactive oxygen species (ROS) among stressed
cells [40]. Research regarding the addition of probiotics was also carried out to study
the effect of the HPH treatment as an encapsulation process that is able to give further
functionality to citrus juice with microencapsulated probiotic microorganisms to be used in
the vacuum impregnation of the fruit matrix; Ref. [93] investigated the probiotic survival
and in vitro digestion of encapsulated Lactobacillus salivarius spp. salivarius included into
an apple sample by vacuum impregnation, dried by low-temperature air drying and stored
for 30 days (Figure 2).

Encapsulation
HPH Mandarin Juice
with L. Salivarius

l

Vacuum
Impregnation
of apple slices

|

Drying
@ Low temperature

Probiotic apple
snacks

Figure 2. Flow diagram of processing to obtain a snack with impregnation of citrus juice with
HPH-encapsulated probiotic Lactobacillus salivarius (from [93]).

The encapsulation of the probiotic was performed by HPH at 70 MPa on an emulsion
to obtain microcapsules, and added to mandarin juice, with vacuum impregnation at
50 mbar for 10 min. Drying was carried out at 40 °C to reach a water activity value of
around a,, = 0.50. The experimental design resulted from the conceptualization of the
strategy of research previously defined as improving the food functionality by studying
the structure-property relationships [93]. The survival of inoculated microorganisms
throughout the process to obtain the dried impregnated apple samples was assessed on L.
salivarius with and without microencapsulation, resulting in a significantly better survival
in the samples with the microencapsulated probiotic; however, in both cases, an evident
reduction (from around 8 Log CFU/g to around 7 Log CFU/g of dried fruit) was due to the
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drying process, even though it was carried out at a low temperature. During storage, after
30 days, the microencapsulation was able also to protect the probiotic from degradation
phenomena in the dried apple samples (with a percentage of survival of 39% in comparison
to 19% for the non-encapsulated probiotic). The simulated gastrointestinal digestion of
dried apple samples encapsulated and non-encapsulated with L. salivarius showed that
the encapsulated probiotic had a higher resistance, and the number of L. salivarius spp.
salivarius in the impregnated and dried apple was enough, thus maintaining that the specific
functionality of L. salivarius is mainly a potential effect against Helicobacter pylori infection.

Furthermore, Ref. [94] demonstrated that the application of 200 MPa (ultra-high-
pressure homogenization, UHPH) for three cycles made it possible to obtain a stable
kiwifruit juice in refrigerated storage for more than 40 days, and increased the shelf-life by
1 week at room temperature compared to the control, while at the same time increasing
the availability of polyphenols and the antioxidant activity, and better preserving the color.
In fact, HPH promoted the disarrangement of the cell clusters into single cells and/or
cell fragments. Storage at three temperatures from 5 to 25 °C also showed microbial load
under limits at non-refrigeration temperatures (15 and 25 °C), with a shelf-life of 9 and
5 days, respectively. From a rheological viewpoint, the release and solubilization of cell
wall constituents, such as pectin and proteins, caused the increase in the volume fraction of
particles and led to the improvement of particle interactions, thus increasing the viscosity.
The obtained results on the antioxidant capacity (TEAC) agree with the previous literature,
where the UHPH process can improve the extractability of antioxidant components through
the disruption of the cell wall components. A UHPH treatment of 200 MPa for three cycles
showed a slight decrease in the TPC in kiwifruit juice. On the other hand, an increase in the
initial antioxidant activity was observed in the samples treated by HPH, and this might be
explained by a partial inactivation of polyphenoloxidase and peroxidase enzymes, thereby
causing the degradation of phenolic compounds in the vegetable matrix.

3. Conclusions

Non-thermal pretreatments, such as cold plasma, pulsed electric fields, high-pressure
processing and ultrasound processing, also combined with mild thermal drying technology,
would bring a significant reduction in the total request of energy, even when considering
the energy inputs for their application, as reported by several authors in the literature and
as reviewed by [95]; the advantages in terms of the quality and carbon footprint reduction
are summarized in Table 4.

Table 4. Effects on food quality and carbon footprint elements of non-thermal processing (adapted
from [95]).

Effects on Food Quality Carbon Footprint Reduction
Minimal quality loss Less wastewater
Increasing bioavailability Increasing energy and water savings
Reduction in processing contaminants Lower environmental impact
Maintenance of nutritional values Decreased operational costs
Maintenance of sensorial properties Decreased electricity
Inactivation of microorganisms Less time-consuming
Improvement of heat and mass transfer Inexpensive
Improvement of firmness and texture Non-hazardous
Decreased color change Minimal source demands
Increased shelf-life Simple processing design
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Dynamic and hydrostatic high-pressure, vacuum impregnation, ultrasound, pulsed
electric field and cold plasma applications can result in a less negative effect with respect
to traditional thermal treatments, and the overall functionality can also be improved by
recovering functional components from by-products or wastes, following the circular
bioeconomy approach.

In Figure 3, a comparison of the positive and negative properties of the technologies
considered is reported.
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Figure 3. Comparison of pros and cons of investigated technologies.

These treatments can produce structural changes that improve the bioaccessibility
and/or the bioavailability of bioactive compounds, such as probiotic microorganisms, to
improve food healthiness and gut microbioma.

Non-thermal low-impact processing technologies could help the food industry to
pursue a better recognition in sustainability, and to offer better food functionality, thereby
recovering favorable consideration in the framework of the ultra-processing debate.

However, an interdisciplinary approach among food engineers, microbiologists, food
chemists, bio-NMR specialists and nutritionists is necessary to research the best processing
conditions, and to increase and assess the sustainability of processing in the food industry.
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