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Editorial

Emerging Non-Thermal Food Processing Technologies:
Editorial Overview

Asgar Farahnaky 1, Mahsa Majzoobi 1 and Mohsen Gavahian 2,*

1 Biosciences and Food Technology, School of Science, RMIT University, Bundoora West Campus, Plenty Road,
Melbourne, VIC 3083, Australia; asgar.farahnaky@rmit.edu.au (A.F.); mahsa.majzoobi@rmit.edu.au (M.M.)

2 Department of Food Science, College of Agriculture, National Pingtung University of Science and Technology,
1, Shuefu Road, Neipu, Pingtung 91201, Taiwan

* Correspondence: mohsengavahian@yahoo.com or mg@mail.npust.edu.tw; Tel.: +886-8-7703202

According to the statistics, there is a strong consumer trend towards high-quality and
healthy foods with “fresh-like” characteristics. On the other hand, thermal processing
technologies, especially conventional ones, negatively affect the sensory and nutritional
properties of foods. At the same time, the limited shelf-life and safety concerns of fresh
foods necessitate food processing. Therefore, scientists are exploring the possibility of
using nonthermal technologies for various purposes, such as shelf-life extension and the
improvement of safety. These technologies include cold plasma, plasma-activated water,
pulsed electric fields, moderate electric fields, ultrasound, high-pressure technologies, and
other innovative approaches. However, their applicability and scalability are still under
intensive investigation.

In this sense, a Special Issue entitled “Emerging Non-Thermal Food Processing Tech-
nologies” was launched in Foods (MDPI) to provide a forum for researchers to communicate
some of their most recent findings on the applications of emerging thermal technologies
for food processing. A total number of 17 manuscripts were submitted to this Special
Issue from different regions of the world (Figure 1). According to the peer review process,
11 original research articles were included in this Special Issue of Foods.

 
Figure 1. Origins of the submitted papers to this Special Issue based on the affiliations of the authors
of the accepted papers. They include Canada, Chile, China, Spain, Taiwan, South Korea, Columbia,
Ireland, and Italy.

Among the research papers published in this Special Issue, an attractive study investi-
gated the effects of ultra-high-pressure homogenization technology treatment (UHPH) on
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the structural characteristics of egg yolk granules. The authors observed the high stability
of yolk granules during UHPH and reported a restructuration of the granules via the gen-
eration of a protein network while the protein profile and proximate composition remained
unchanged in a single pass of up to 300 MPa [1]. Another research team conducted an
interesting study on the impacts of dual-frequency (28 and 40 kHz) ultrasound-assisted
thawing on Pseudosciaena crocea (large yellow croaker) to elaborate on the effects of such
a process on the microstructure, thawing rate, and quality properties. They reported that
dual-frequency sonication can improve the thawing rate without compromising the water-
holding capacity, color, texture, and water distribution, while inhibiting the disruption
of the microstructure [2]. In another interesting study, the impact of cold plasma on the
spores of naturally present fungi as well as the physical and chemical properties of sun-
dried tomatoes was investigated. The germination of Aspergillus spores was found to
be “species-dependent”. According to the results of this paper, this process inactivated
spores by percentages of 88 for A. rugulovalvus and 32 for A. niger, indicating them to be
sensitive and resistant strains, respectively. This research also elaborated on the sporici-
dal effect of cold plasma on A. rugulovalvus. Cold plasma was found to be a promising
tool for dried tomato decontamination (in terms of spores) without compromising the
physicochemical aspects of the product (e.g., pH and water activity), while increasing
the lycopene content significantly [3]. Another paper explained that “pre-crystallization
of nougat by seeding with cocoa butter crystals enhances the bloom stability of nougat
pralines”. This informative study showed that the precrystallization of nougat via seeding
with cocoa butter crystals, under controlled conditions, can enhance the physical storage
stability of pralines and delay the onset of fat blooming [4]. A research team explored
the “mathematical modelling of ultrasound-assisted extraction kinetics of bioactive com-
pounds from artichoke by-products”. This investigation showed that both sonication and
temperature can significantly affect the yield of bioactive compounds during the bioactive
extraction process from the stem of artichoke. It also proposed models that can be used for
process prediction [5]. Another study explored the application of ultraviolet light-emitting
diodes (UV-LEDs) to inactivate Listeria monocytogenes, Escherichia coli, Bacillus subtilis, and
Salmonella enterica Serovar Typhimurium in powdered food ingredients. This innovative
study proposed UV-LEDs as alternatives to UV technology, as they have the potential
to enhance the decontamination efficiency [6]. Another group of researchers studied the
effects of nitrogen-assisted high-pressure processing on the quality indices and microbial
quality of bell peppers (fresh-cut). This food processing approach yielded a product with
a greater microbial reduction and better microbiological stability during storage [7]. Fur-
thermore, a manuscript discussed the results of a well-designed study on the impact of
centrifugal block freeze crystallization (CBFC) on the quality properties of different types
of berry juices. CBFC makes it feasible to obtain greater amounts of solutes, in comparison
with the original sample, while intensifying the fresh juices’ natural colors and increasing
the phenolic compounds and antioxidant capacity in the final products [8]. Besides, a
research team conducted an attractive study on high-hydrostatic-pressure technology. They
investigated the antioxidant and anti-inflammatory effects of broccoli treated with high
hydrostatic pressure in cell models, and reported that this emerging nonthermal technology
can enhance the isothiocyanate content of broccoli with antioxidant anti-inflammatory
effects, providing an innovative strategy with which to develop healthy food products in
the future [9]. Moreover, an insightful manuscript reported a significant improvement in
the antioxidant capacity of puffed turmeric by the application of high hydrostatic pressure
extraction. This study elaborated on the effects of processing parameters and reported
that 400 MPa for 20 min with 70% ethanol were the optimal extraction conditions for the
highest antioxidant activity [10]. In another attractive study, researchers investigated the
antibacterial efficacy and mechanisms of plasma-activated water (PAW) against Salmonella
enterica serovar Enteritidis on eggshells, and reported that PAW is a promising decontami-
nation technology due to the presence of ozone, nitrate, and other reactive species. They
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also provided images from scanning electron microscopes to elaborate on the effects of this
technology on eggshells [11].

In summary, the findings published in this Special Issue clearly indicate both the
breadth and depth of the recent studies on nonthermal processing technologies. They cover
both a wide range of foods products as well as nonthermal technologies. Consumer demand
for less-processed foods with a fresh flavor and delicate texture, plus better nutritional
quality, are the main driving forces behind the continued research in this area, and it is
expected that these technologies will be acquired at a higher pace by the food industry over
the next decade.
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Effects of Dual-Frequency Ultrasound-Assisted Thawing
Technology on Thawing Rate, Quality Properties, and
Microstructure of Large Yellow Croaker (Pseudosciaena crocea)

Hao Cheng 1, Chuhan Bian 1, Yuanming Chu 1, Jun Mei 1,2,3,4 and Jing Xie 1,2,3,4,*

1 College of Food Science and Technology, Shanghai Ocean University, Shanghai 201306, China;
m200300836@st.shou.edu.cn (H.C.); m200300826@st.shou.edu.cn (C.B.); m190300744@st.shou.edu.cn (Y.C.);
jmei@shou.edu.cn (J.M.)

2 National Experimental Teaching Demonstration Center for Food Science and Engineering,
Shanghai Ocean University, Shanghai 201306, China

3 Shanghai Engineering Research Center of Aquatic Product Processing and Preservation,
Shanghai 201306, China

4 Shanghai Professional Technology Service Platform on Cold Chain Equipment Performance and Energy
Saving Evaluation, Shanghai 201306, China

* Correspondence: jxie@shou.edu.cn; Tel.: +86-21-61900351

Abstract: This research evaluated the effects of dual-frequency ultrasound-assisted thawing (UAT)
on the thawing time, physicochemical quality, water-holding capacity (WHC), microstructure, and
moisture migration and distribution of large yellow croaker. Water thawing (WT), refrigerated
thawing (RT), and UAT (single-frequency: 28 kHz (SUAT-28), single-frequency: 40 kHz (SUAT-40),
dual-frequency: 28 kHz and 40 kHz (DUAT-28/40)) were used in the current research. Among them,
the DUAT-28/40 treatment had the shortest thawing time, and ultrasound significantly improved
the thawing rate. It also retained a better performance from the samples, such as color, texture,
water-holding capacity and water distribution, and inhibited disruption of the microstructure. In
addition, a quality property analysis showed that the pH, total volatile basic nitrogen (TVB-N), and K
value were the most desirable under the DUAT-28/40 treatment, as well as this being best for the
flavor of the samples. Therefore, DUAT-28/40 treatment could be a possible thawing method because
it improves the thawing rate and maintains the quality properties of large yellow croaker.

Keywords: thawing rate; ultrasound-assisted thawing; quality properties; microstructure; large
yellow croaker

1. Introduction

Large yellow croaker (Pseudosciaena crocea) is rich in lipids and protein and widely
cultured in China [1]. Due to the high moisture content, nutrient composition, and enzyme
activity of large yellow croaker, it is highly vulnerable to contamination by pathogenic
bacteria, which causes lipid oxidation, protein denaturation, and texture changes, resulting
in a loss of commercial value [2,3]. To solve these problems, low-temperature frozen
storage is usually applied. However, the quality of frozen products is influenced by both
the freezing and thawing processes, especially the thawing process [4]. Thawing is an
indispensable part of the production and processing of aquatic products. Unsuitable
thawing methods may lead to quality loss [5]. Research on new thawing methods is
currently in demand for the efficient utilization of aquatic products.

Ultrasound-assisted thawing (UAT) has been widely studied and applied in recent
years. Studies have shown that UAT can reduce the thawing time and maintain the
quality of frozen food [4,5]. UAT could also speed up the thawing rate and maintain the
quality of fish, in aspects such as WHC (water-holding capacity) and texture [6]. Guo
et al. reported that UAT at 400 W could better improve the thawing process efficiency and

Foods 2022, 11, 226. https://doi.org/10.3390/foods11020226 https://www.mdpi.com/journal/foods
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quality of frozen foods [7]. Moreover, under UAT (power ultrasound intensity: 2.39, 6.23,
11.32, and 20.96 W cm−2; treatment time: 30, 60, 90, and 120 min), the gel properties and
WHC of proteins were also improved [8]. The advantages of using ultrasound-assisted
thawing with the right frequency and power were decreased thawing time, more uniform
thawing temperature of the products, and better impact on the myofibrillar protein gel
formation compared with other traditional thawing methods [9]. Li et al. [10] reported
that ultrasound-assisted thawing (20 ◦C, 45 min) of frozen porcine longissimus muscle had
reduced the damage to conformational change and gel formation of myofibrillar protein
when compared with water thawing. In addition, Chen et al. [11] found that ultrasound-
assisted thawing could save 13.5–40.4% in thawing time, and high ultrasonic frequency
(80 kHz and 100 kHz) did not cause high thawing loss. Thawing at higher ultrasonic
frequency could reduce the damage of the secondary and tertiary structure of myofibrillar
proteins. Recently, Bian et al. [12] reported that multifrequency UAT significantly reduced
the thawing time of frozen samples and maintained better quality attributes in comparison
with SUAT-20 kHz, DUAT-20/28 kHz, and TUAT-20/28/40 kHz. It similarly focused on
the multifrequency effect: what distinguished our study was that only two different single-
frequency treatments were applied to explore the different effects of the two frequencies
in combination and in isolation. Wang et al. [13] studied the effect of sweep frequency
ultrasound thawing (SFUT) on gel, and the experiment was set with fluctuating frequency
instead of constant frequency. It mainly paid attention to effects on gel, and SFUT improved
gel properties, as shown in the study. In addition, it was found that DUAT-20/40 kHz
had more desirable behavior than SUAT-20 kHz and TUAT-20/40/60 kHz [14], and it
also focused on the gel. Based on this research, it was determined that DUAT performed
better than SUAT and TUAT. It was considered worth exploring the different effects of two
frequencies in combination and in isolation. The effects on quality under UAT were the
focus of the study.

Frequency is an important parameter of ultrasound and poses no potential danger. The
use of different frequencies can effectively improve the thawing process as described in the
above research. There are few studies on UAT methods at different frequencies. Therefore,
in this study, three types of UAT (SUAT-28, SUAT-40, and DUAT-28/40; ultrasonic power:
200 W) were used to study the effects of UAT on the quality of large yellow croaker,
especially its water-holding capacity, water distribution and migration, K value, TVB-
N, and the microstructure of the muscle. The study mainly focused on the effects of
ultrasound-assisted thawing under different frequencies.

2. Materials and Methods

2.1. Preparation of Fish Samples

Large yellow croaker was acquired from Luchao Harbor Market and kept alive for
prompt movement back to the laboratory. After being killed quickly, the fish were moved
to a spiral freezer (Yantai Moon Co., Ltd., Yantai, Shandong, China) at a temperature of
−35 ◦C and a wind velocity of 10 m/s for freezing for about half an hour. In order to
facilitate further sample taking and measurement of experimental indicators, the heads
and tips of the fish were all removed. Then the fish were quickly transferred to a −20 ◦C
refrigerator and stored for three days. After that, the frozen samples were thawed using
WT (water thawing), RT (refrigerator thawing), SUAT-28 (single-frequency ultrasound-
assisted thawing at 28 kHz), SUAT-40 (single-frequency ultrasound-assisted thawing at
40 kHz), and DUAT-28/40 (dual-frequency ultrasound-assisted thawing at 28 kHz and
40 kHz). This was finished when the internal temperature of the fish reached 4 ◦C on the
temperature monitor. WT and RT were used as control treatments, and SUAT-28, SUAT-40,
and DUAT-28/40 were used as experiment treatments (Figure 1). The treatments were
conducted at room temperature and RT was conducted in the refrigerator at 4 ◦C. They
were considered finished when the internal temperature reached 4 ◦C. The power of all
ultrasound-assisted thawing was 200 W.
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Figure 1. Diagram and possible mechanisms of the ultrasonic thawing system.

Figure 1 shows the main research content and ultrasonic-assisted thawing device used
in the study. The device consisted of a control panel and sink. The control panel was used to
monitor power and frequency, and fish were thawed in the sink. The possible mechanisms
of ultrasound-assisted thawing under different frequencies were also proposed to account
for the more uniform impact from ultrasound.

2.2. Thawing Curve

The temperature change was monitored by inserting the sensor of a multiple-point
thermometer (Fluke 2640A, Everett, WA, USA) into the muscle center of the large yellow
croaker. For each thawing method, three temperature-recording spots were set up, and the
most appropriate thawing curve was selected, as shown in Figure 2. Each measurement
was taken in triplicate.
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Figure 2. Differences in thawing curve of large yellow croaker under different thawing methods. (WT:
water thawing; RT: refrigerated thawing; SUAT-28: single-frequency ultrasound-assisted thawing
at 28 kHz; SUAT-40: single-frequency ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-
frequency ultrasound-assisted thawing at 28 kHz and 40 kHz).

2.3. Determination of Water Retention
2.3.1. Thawing Loss

The water on the surface of the thawed fish was wiped, and the weight was measured
as W1 [15]. W0 meant the weight of fish before thawing. This is shown in Equation (1).
Only one trial was conducted per experiment.

Thawing loss % =
W0 − W1

W0
× 100% (1)
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where W0 and W1 refer to the weight before and after thawing.

2.3.2. Water-Holding Capacity

After defrosting the fish, the water on the surface of the fish was wiped, and 2.00 g of
the sample was weighed. Centrifugation was conducted at 5000× g at 4 ◦C for 10 min [16].
The water-holding capacity was then calculated based on the formula below. The weight
before centrifugation was called M1, and the weight after centrifugation was called M2, as
shown in Equation (2). Each measurement was taken in triplicate.

Water-holding capacity (%) =
M2

M1
× 100% (2)

where M1 and M2 refer to the weight before and after centrifugation.

2.3.3. Cooking Loss

5.00 g of fish samples were weighed as W1 and cooked in a water bath at 85 ◦C for
10 min. Then the weight was measured after cooking, denoted as W2 [17]. Each measure-
ment was taken in triplicate. It was calculated using Equation (3).

Cooking loss % =
W1 − W2

W1
× 100% (3)

where W1 and W2 refer to the weight before and after cooking.

2.4. Determination of the Texture Profile Analysis (TPA)

The samples were cut into 20 mm × 15 mm × 10 mm pieces, and the texture properties
were analyzed using a texture analyzer [6]. The analysis software name was TA.XTplusC
Texture Analyzer (Stable Micro Systems, Ltd., Godalming, Surrey, UK). The pre-test, test,
and post-test speeds were 3, 1, and 1 mm/s, respectively, with a probe number (code) of
Auto-5 g and a trigger force of 5 g. Each measurement was taken in triplicate.

2.5. Determination of Color

The samples were placed on a flat plate, and the ΔL* (brightness/darkness), Δa* (red-
ness/greenness), and Δb* (yellowness/blueness) values were calculated using a colorimeter
(CR-400, Konica Minolta, Tokyo, Japan). Changes in color were calculated as ΔE using
Equation (4). Each measurement was taken in triplicate.

� E =

√
(�L∗)2 + (�a∗)2 + (�b∗)2 (4)

where ΔL*, Δa*, Δb* refer to the value of brightness/darkness, redness/greenness, and
yellowness/blueness after calibration. In addition, ΔL*, Δa*, and Δb* were the differences
between L*, a*, and b* values before samples were UAT-treated and after samples were
UAT-treated, respectively [18].

2.6. Determination of the pH Value

According to the method of Lv et al. [19], 2.00 g of the chopped fish samples were
mixed with 20 mL of physiological saline (0.9%, m/v) and centrifuged at 1000× g for
5 min at 4 ◦C. The pH value was measured using a pH meter (Mettler Toledo, Greifensee,
Switzerland). Each measurement was taken in triplicate.

2.7. Determination of TVB-N

The fish samples were minced and weighed to approximately 5 g for measurement.
The TVB-N was calculated via microtitration and shown as mg N/100 g of the fish sam-
ples [20]. Each measurement was taken in triplicate.
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2.8. Determination of the K Value

A 2.00 g sample was removed and homogenized with a 10% (v/v) perchloric acid
solution. The sample was centrifuged at 8000× g for 15 min at 4 ◦C, and the precipitate was
mixed with a 5% (v/v) perchloric acid solution and centrifuged under the same conditions.
The supernatants were combined, and the pH was adjusted to 6.5 with the phosphoric
acid. The mixture was filtered through a 0.22 μm disposable filter, and 1 mL of the mixture
was extracted [21]. The K value was then analyzed using the High-Performance Liquid
Chromatography (HPLC) (Waters 2695, Milford, MA, USA) procedure suggested by Li and
Zhan [22]. Each measurement was taken in triplicate.

The HPLC system with a Diamonsil-C18 column (250 × 4.6 mm) and a 254 nm UV
detector was used to quantify adenosine triphosphate (ATP) and its catabolites including
adenosine diphosphate (ADP), adenosine monophosphate (AMP), inosine monophosphate
hypoxanthine (IMP), riboside (HxR), and hypoxanthine (Hx). Mobile phase A (phosphate)
and mobile phase B (methanol) were subjected to gradient elution using the following
procedure: 0 min to 20 min, 95% A and 5% B. The flow rate was 1 mL/min, the column
temperature was 30 ◦C, and the injection volume was 10 μL. The K value was calculated
using Equation (5):

K value (%) =
HxR + Hx

ATP + ADP + AMP + IMP + HxR + Hx
× 100 (5)

where ADP, AMP, ATP, IMP, Hx, and HxR refer to adenosine diphosphate, adenosine
monophosphate, adenosine triphosphate, inosine monophosphate hypoxanthine, hypoxan-
thine, and riboside, separately.

2.9. Water Distribution and Migration

The water distribution and migration within the fish were assessed using a low-
field nuclear magnetic resonance (LF-NMR) analyzer (MesoMR23-060 H.I, NiuMeng,
Shanghai, China). The specific settings were as follows: receiver bandwidth frequency
(SW) = 100 kHz, SF = 21 MHz, RFD = 0.08 ms, RG1 = 20 db, P1 = 19 us, DRG1 = 6,
TD = 400,100, DR = 1, TW = 2000 ms, NS = 4, P2 = 37 us, TE = 0.5 ms, and NECH = 8000 [23].
Each measurement was taken in triplicate.

2.10. Scanning Electron Microscope (SEM)

The microstructure was observed using an SEM (Hitachi HT 7700, Tokyo, Japan) as
proposed by Cao et al. [24]. The samples were cut into 3 mm × 3 mm × 3 mm pieces, fixed
with a 2.5% glutaraldehyde solution for 24 h, and then washed with distilled water to resist
the fixer deposits. The samples were dewatered under an alcohol gradient (30%, 50%, 70%,
80%, 90%, 95%, and 100%) for 15 min for each elution. The samples were then lyophilized
and coated with a palladium coater (Bal-TEC, Manchester, NH, USA). Each measurement
was taken five times and the best image was selected.

2.11. Free Amino Acids (FAAs) Determination

A 2.00 g fish sample and 10 mL of 5% trichloroacetic acid were centrifuged at 10,000× g
for 10 min. The extraction and centrifugation were repeated and the combination was
diluted to 25 mL. 1 mL of the extract was filtered through a 0.22 μm disposable filter and
assessed using an amino acid analyzer (Hitachi L-8800, Tokyo, Japan). Only one trial was
undertaken per experiment.

2.12. Statistical Analysis

The data were analyzed via one-way ANOVA using SPSS 23.0 followed by Duncan’s
test, and the results were expressed as the means ± standard deviation. The significance
level was 0.05.
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3. Results and Discussion

3.1. Thawing Rates and Curves

The thawing process of frozen foods is an essential factor in retaining their qualities,
such as textural properties and color [25]. The RT treatment had the longest thawing time
compared with the other treatments (Figure 2), and reached 64 h. The thawing time of the
WT treatment was 70 min, and SUAT-28, SUAT-40, DUAT-28/40 took 45 min, 32 min, and
28 min, respectively. The UAT treatments were much faster, especially DUAT-28/40. The
vibrational energy was attracted by the sample; thus, the frozen part of the sample quickly
passed through the maximum ice crystal zone [26]. Among the three UAT treatments,
DUAT was faster than SUAT, which was due to the cavitation effects produced by different
ultrasound frequencies with mass transfer [1,27]. From −18 ◦C to −5 ◦C, the thawing
rate was rapid and the central temperature rose sharply due to the difference between the
sample temperature and the environmental temperature. However, from −5 ◦C to 0 ◦C,
which was in the period of phase change of water in food, the thawing rate decreased,
and the central temperature rose slowly [28]. The duration of this process is particularly
important for the quality of frozen foods, and the UAT treatment significantly reduced
the thawing time. Some studies have also indicated that UAT treatments shortened the
thawing time of silver carp surimi [11].

3.2. Water Retention

Water retention is an important quality parameter that affects the texture, appearance,
and storage stability of aquatic products [29]. Table 1 shows that the DUAT-28/40 treatment
had the lowest thawing loss (1.70%) and the highest water-holding capacity (81.49%).
However, there was no significant difference between the DUAT and WT samples in terms
of the cooking loss (p > 0.05), which may be because the DUAT-28/40 treatment produced
uniform force and internal stresses on the ice crystals of samples, resulting in less damage
to cells from ice crystals. The increase in the thawing loss not only reduces the product
weight, but also affects the product quality and eventually causes economic loss. Cooking
loss includes large amounts of liquid and small amounts of soluble material from fish [30],
which reflects structural damage to the muscle because of heat-induced denaturation of
myofibrillar proteins. Therefore, the DUAT-28/40 treatment could better maintain water
during the thawing process.

Table 1. Differences in thawing loss, water-holding capacity, and cooking loss of large yellow croaker
under different thawing methods.

Treatments Thawing Loss (%)
Water-Holding
Capacity (%)

Cooking Loss (%)

WT 3.28 79.43 ± 3.21 a 14.44 ± 2.48 c

RT 1.97 75.08 ± 2.34 c 26.88 ± 1.70 a

SUAT-28 1.97 79.45 ± 2.76 a 20.52 ± 1.13 b

SUAT-40 3.22 77.58 ± 4.45 b 21.42 ± 1.31 b

DUAT-28/40 1.70 81.49 ± 2.19 a 16.65 ± 1.40 bc

WT: water thawing; RT: refrigerated thawing; SUAT-28: single-frequency ultrasound-assisted thawing at 28 kHz;
SUAT-40: single-frequency ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-
assisted thawing at 28 kHz and 40 kHz. Different superscript letters indicate significant difference (p < 0.05).

3.3. Texture and Color

Texture is related to physical properties and affects the sensory and functional char-
acteristics of fish [31]. The hardness, springiness, chewiness, and resilience values of the
samples which underwent DUAT-28/40 treatment were all higher than those of the other
samples (Table 2). There were no significant differences between the SUAT-28 treatment and
the SUAT-40 treatment (p > 0.05). This result was similar to the results of another study [5].
It was also determined that the cavitation effect generated by ultrasonic action possibly
modified the mechanical radiation, to some extent. Because different thawing methods
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had different effects on the changes in the water retention and protein denaturation in fish
meat, the changes in the texture characteristics of fish meat were also different [32–34]. This
could also be explained by the fact that the radius of the bubbles in the DUAT field was
greater than the radius of the bubbles in the SUAT fields. Under the same UAT time, the
DUAT treatment produced a more pronounced cavitation effect than SUAT [1]. In addition,
the ice crystals also caused different degrees of damage to tissue. Irregular ice crystals in
the WT and RT treatments caused more damage to meat than those in the UAT treatments.
There are two main reasons for the rapid thawing assisted by ultrasonic technology: first
of all, the attenuation of ultrasound in the medium produces high-frequency oscillations
that are converted to thermal energy [33], which could accelerate melting of ice crystals;
in addition, ultrasonic treatment could produce cavitation and microstreaming during
the UAT process. The cavitation bubbles could be used as the primary ice nuclei and the
mechanical force generated by the bursting of the cavitation bubbles breaks the ice crystals
into smaller pieces [33], which affects the ice morphology and formation.

Table 2. Differences in hardness, springiness, chewiness, resilience, L*, a*, b*, and ΔE of large yellow
croaker under different thawing methods.

Treatments Hardness (g) Springiness Chewiness Resilience L* a* b* ΔE

WT 2025.48 ± 68.43 b 0.41 ± 0.03 b 288.13 ± 48.37 ab 0.137 ± 0.02 ab 47.31 ± 1.54 ab 0.02 ± 0.19 c −1.67 ± 0.39 c 47.35 ± 1.53 ab

RT 1891.09 ± 61.10 b 0.44 ± 0.01 ab 222.66 ± 27.78 bc 0.093 ± 0.01 c 43.39 ± 0.96 c 0.28 ± 0.05 bc 0.05 ± 0.22 a 43.39 ± 0.96 c

SUAT-28 1067.77 ± 43.34 c 0.43 ± 0.01 ab 185.64 ± 22.73 c 0.114 ± 0.01 bc 45.02 ± 1.23 bc 0.57 ± 0.01 b −1.66 ± 0.45 c 45.06 ± 1.21 bc

SUAT-40 1427.11 ± 24.13 c 0.41 ± 0.01 b 262.31 ± 12.69 abc 0.103 ± 0.01 c 42.95 ± 0.63 c 0.72 ± 0.43 a −1.68 ± 0.56 c 43.00 ± 0.63 c

DUAT-28/40 2482.59 ± 37.21 a 0.47 ± 0.01 a 349.69 ± 35.53 a 0.152 ± 0.01 a 49.80 ± 0.75 a 0.72 ± 0.64 a −0.78 ± 0.89 b 49.84 ± 0.74 a

WT: water thawing; RT: refrigerated thawing; SUAT-28: single-frequency ultrasound-assisted thawing at 28 kHz;
SUAT-40: single-frequency ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-
assisted thawing at 28 kHz and 40 kHz. Different superscript letters indicate significant difference (p < 0.05).

Consumers often subjectively judge the quality of fish by its color, which is the external
expression of the physiological, biochemical, and microbiological changes of the fish [35]
One of the most commonly used indicators is L* (brightness/darkness). The L* value of the
DUAT-28/40 treatment was higher than that of the other treatments, and there were no
significant differences between the WT treatment and the DUAT-28/40 treatment (Table 2).
Li et al. [6] found that the L* values of UAT treatments were higher than those of the control,
which was the same as the result of this research. There were two possible mechanisms
mentioned in the article for changes in the color values caused by UAT treatment: (1) the
production of free radicals to promote oxidation, resulting in destabilization of heme
pigments, and (2) possible changes in the chemical structure of myoglobin and heme
pigments due to the thermic and acoustic influence of ultrasound [36]. This theory could
explain the phenomenon in the study. Moreover, the formation of extracellular space was
also indicated as a main reason for the color change in a study [37].

3.4. pH Value

The pH value is one of the indicators used to evaluate the freshness of fish samples,
and it also has a great influence on the protein properties of fish [38]. The pH range of all
treatments was 6.5–6.8, where the SUAT-40 treatment was highest, and the RT treatment
was lowest (Figure 3). Ultrasound treatment might have damaged the cells, leading to
endolysis. Nitrogenous substances decompose to alkaline substances, resulting in higher
pH. The DUAT-28/40 treatment was not significantly different from the WT treatment
(p > 0.05). Studies have shown that the decrease in the pH value is due to an increase in the
solute concentration caused by the loss of water and the release of hydrogen ions [39]; this
affected pH the most. A decrease in pH might have led to changes in the muscle structure
which reduced its water retention. However, it was determined that pH was not the main
factor leading to changes in quality [40].
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Figure 3. Differences in pH value of large yellow croaker under different thawing methods. (WT:
water thawing; RT: refrigerated thawing; SUAT-28: single-frequency ultrasound-assisted thawing
at 28 kHz; SUAT-40: single-frequency ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-
frequency ultrasound-assisted thawing at 28 kHz and 40 kHz). Different superscript letters indicate
significant difference (p < 0.05).

3.5. Analysis of TVB-N and the K Value

TVB-N generally increases with a decrease in freshness, so it is widely used as an
important indicator to reflect the freshness of fish [41,42]. The DUAT-28/40 treatment had
the lowest value at 10.46 mg/100 g (Figure 4A), which was still at the first-grade freshness
standard [23]. This result indicated that fish spoilage was minimal with this thawing
method [1]. In addition, there were no significant differences between the DUAT-28/40
treatment group and two controls (WT and RT) (p > 0.05). The results of TVB-N were better
under the DUAT-28/40 treatment.

Figure 4. Differences in TVB-N value (mg/100 g) (A) and K value (%) (B) of large yellow croaker
under different thawing methods. (WT: water thawing; RT: refrigerated thawing; SUAT-28: single-
frequency ultrasound-assisted thawing at 28 kHz; SUAT-40: single-frequency ultrasound-assisted
thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-assisted thawing at 28 kHz and 40 kHz).
Different superscript letters indicate significant difference (p < 0.05).

The K value is a relative value based on the quantification of ATP and its decomposition
products, reflecting the degree of ATP degradation reaction after death. Moreover, it is one
of the indices used to evaluate the freshness of fish [43]. The K value of the DUAT-28/40
treatment was 5.29% (Figure 4B), which was still at the first-grade freshness standard and
similar to the result for the TVB-N. The same trend was found for the K value and TVB-N
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in another study, which was consistent with the results of this research [1]. From both
of these sets of results it could be concluded that the DUAT-28/40 treatment showed a
better freshness. Moreover, there were no significant differences between the sample which
underwent the DUAT-28/40 treatment and the other samples, except the sample which
underwent WT (p > 0.05). There was no direct explanation for the change in the K value
under the ultrasound treatment. It was hypothesized that the reason for the lower K value
was due to lower damage to muscle tissue. The K value was related to ATP degradation.
The regular and small ice crystals under ultrasound treatment were less destructive to the
tissue and delayed the degradation of ATP.

3.6. Analysis via LF-NMR

LF-NMR and magnetic resonance imaging (MRI) can be used to evaluate the distribu-
tion of water and the mobility of the muscle to learn about water migration due to different
freezing treatments [44]. There are three peaks corresponding to the three relaxation com-
ponents, named T21 (<10 ms), T22 (20–400 ms), and T23 (>1000 ms), which represent bound
water, fixed water, and free water, respectively [24]. The peak of the samples changed
under different thawing conditions, indicating that the thawing methods influenced the
distribution of water in the muscle of fish. The DUAT-28/40 treatment had the highest T21
and T22 values (Figure 5). The high peak of bound water showed that a high level of bound
water could be maintained and the damage to the fish was minimized. It also indicated
that its combining ability was the strongest and had the lowest transfer of fixed water to
free water, possessing a better water-migration effect and quality [1]. Studies have shown
that the redistribution of ice crystals and mechanical damage are the root causes of water
transfer and loss [45]. Irregular and large ice crystals disrupted the cell structure, leading
to the release of cell contents and facilitating protein denaturation. Under UAT treatment,
the ice crystals were small and uniform to avoid this problem. Harnkarnsujarit et al. [46]
also indicated that the ice formation also modified protein conformation and denaturation
of protein in fish muscles. Thus, the bound water content of the samples that underwent
WT and RT was lower than that in those that underwent the UAT treatment.

Figure 5. Differences in water distribution and magnetic resonance imaging of large yellow croaker
under different thawing methods and in fresh sample. (WT: water thawing; RT: refrigerated thaw-
ing; SUAT-28: single-frequency ultrasound-assisted thawing at 28 kHz; SUAT-40: single-frequency
ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-assisted thawing at
28 kHz and 40 kHz).
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A brighter red color indicates a higher 1H proton density and a higher moisture mass
fraction, and a blue color indicates a low moisture content. The change in image color can
reflect the water distribution of fish samples [47]. The color of the samples that underwent
DUAT-28/40 treatment was redder than that of those that underwent the other treatments
(Figure 5), indicating that the DUAT-28/40 treatment retained higher moisture levels. The
control treatment samples all showed as blue in MRI, reflecting the higher free water
content, severe moisture loss, and quality damage.

3.7. Microstructure of the Fish Muscle

Muscle microstructure is an important indicator of direct changes in muscle struc-
tural integrity. Studies have shown that muscle microstructure is related to water-holding
capacity, texture, and myofibrillar protein properties [48]. As seen in Figure 6, the mi-
crostructure of the samples that underwent the WT and RT treatments was irregular and
not flattened, and they were surrounded by adhesion on the surface. This result indicated
that the bundles of myofibrils were severely damaged, resulting in protein denaturation,
cell disruption, and damage to muscle structure [49]. The microstructure of the samples
that underwent UAT was flatter, more regular, and smoother, especially after DUAT-28/40
treatment. Although the outer membrane exposed to the myofibrils was inevitably dam-
aged, the overall integrity of the shape was essentially maintained. Irregular ice crystals
damaged the structure of the muscles [50]. Under ultrasonic treatment, the ice crystals first
melt into uniform and regular small ice crystals and then disappear slowly. The melting of
ice crystals is an orderly process, which is consistent with the microstructure. Sun et al. [33]
found that muscles treated with UAT-100 (UAT power at 100 W) and UAT-300 (UAT power
at 300 W) had a more complete microstructure than the WT samples, with a slightly larger
gap between the fascicles than the controls. Although the outer membrane exposed to the
myofibrils was injured in the muscle, the inner membrane attached to myofibrils was rela-
tively intact. This might be because the ultrasound decayed more rapidly in the unthawed
region than in the thawed region, and the absorption of energy was mainly focused on the
freeze–thaw border and the frozen part. This avoided the development of local overheating
and thus decreased damage to the muscle bundle membrane. However, Li et al. [6] found
that ultrasound treatment had little effect on the muscle tissue of fish.

Figure 6. Differences in scanning electron microscope image of large yellow croaker under different
thawing methods and fresh sample. (WT: water thawing; RT: refrigerated thawing; SUAT-28: single-
frequency ultrasound-assisted thawing at 28 kHz; SUAT-40: single-frequency ultrasound-assisted
thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-assisted thawing at 28 kHz and 40 kHz).
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3.8. Analysis of Free Amino Acids (FAAs)

The content of free amino acids is closely related to the flavor of fish [51]. Usually, there
are three types of amino acids, including umami amino acids, sweet amino acids, and bitter
amino acids. Among them, phenylalanine, tyrosine, lysine, and arginine play key roles,
as they are the main biogenic amine precursors in fish [52]. As Table 3 shows, the highest
contents of all FAAs were alanine, glycine, and lysine, and they played important roles in
the taste and flavor of the fish. Kimbuathong et al. [53] also found that formation of amine
compounds including trimethyl amine influenced the sensory characteristics of seafoods.
Rich flavor amino acids contributed to improving the taste of fish. Alanine and glycine
appeared to be umami and sweet, whereas lysine was bitter [54]. In terms of the total
amino acids, the DUAT-28/40 treatment had the highest content, reaching 916.44 mg/100 g.
This was obviously higher than that of the control, and DUAT increased the content of
FAAs. The study by Kang [55] indicated that the cavitation caused by ultrasound could
produce free radicals, which enhanced the level of protein degradation. The degradation
of protein led to an increase in the FAA contents. In addition, it was discussed that high
levels of ultrasound led to OH- production from water molecules, which resulted in protein
degradation and an increase in the FAA contents [56]. Among all the treatments, the sweet
amino acids had the highest content, and the bitter amino acids were lower (Figure 7),
which was related to the taste of the large yellow croaker [23]. The change in the taste
presentation might be due to the degradation of ATP and associated compounds after fish
spoilage, a loss of taste-presenting substances during thawing, and microbial metabolism.
In summary, the cavitation effect of ultrasound in water could affect the degradation of
proteins, which led to changes in the FAA contents. Moreover, Laorenza et al. [57] found
that the enzymatic activity in seafoods caused the changes of protein conformation and
degradation of protein into amino acids as well as degradation of lipid substances that
influenced organoleptic qualities. The effect of the interaction between free amino acids
and nucleotides on taste presentation should also be considered. Moreover, the Gly content
was much higher in fish treated with DUAT-28/40 than other treatments. Because Gly is
both an umami amino acid and a sweet amino acid, this phenomenon showed that the
DUAT treatment contributed better to the flavor of fish.

Figure 7. Differences in free amino acid contents (mg/100 g) of large yellow croaker under differ-
ent thawing methods. (WT: water thawing; RT: refrigerated thawing; SUAT-28: single-frequency
ultrasound-assisted thawing at 28 kHz; SUAT-40: single-frequency ultrasound-assisted thawing at
40 kHz; DUAT-28/40: dual-frequency ultrasound-assisted thawing at 28 kHz and 40 kHz).
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Table 3. Differences in free amino acids contents (mg/100 g) of large yellow croaker under different
thawing methods.

Free Amino
Acids

Presentation
of Taste

Treatments

WT RT SUAT-28 SUAT-40 DUAT-28/40

Aspartic acid
(Asp) umami 10.56 ± 0.55 4.19 ± 0.10 5.27 ± 0.01 9.18 ± 0.32 13.12 ± 0.42

Threonine (Thr) sweet 28.59 ± 0.16 12.59 ± 0.25 14.18 ± 0.17 26.31 ± 1.18 37.05 ± 0.42
Serine (Ser) sweet 30.39 ± 0.30 19.96 ± 0.30 16.63 ± 0.12 55.25 ± 2.58 88.15 ± 2.65

Glutamic acid
(Glu) umami 29.95 ± 0.24 15.95 ± 0.29 7.48 ± 0.09 ND 64.67 ± 1.27

Glycine (Gly) umami, sweet 38.17 ± 0.51 25.64 ± 0.46 22.50 ± 0.08 58.23 ± 2.29 237.45 ± 6.58
Alanine (Ala) umami, sweet 80.07 ± 0.90 59.37 ± 1.11 57.93 ± 0.40 103.98 ± 4.59 137.14 ± 3.92
Cysteine (Cys) - 2.00 ± 0.08 1.96 ± 0.09 1.43 ± 0.04 3.26 ± 0.17 6.08 ± 0.18

Valine (Val) bitter 21.95 ± 0.29 10.81 ± 0.24 8.00 ± 0.10 8.86 ± 0.45 12.24 ± 0.27
Methionine

(Met) bitter 10.17 ± 0.10 7.64 ± 0.19 6.68 ± 0.19 6.08 ± 0.39 9.33 ± 0.16

Isoleucine (Ile) bitter 12.76 ± 0.15 6.29 ± 0.11 4.92 ± 0.06 4.76 ± 0.21 6.72 ± 0.19
Leucine (Leu) bitter 23.35 ± 0.25 11.71 ± 0.27 9.19 ± 0.06 9.56 ± 0.42 12.54 ± 0.25
Tyrosine (Tyr) bitter 9.64 ± 0.04 6.26 ± 0.22 6.90 ± 0.09 6.21 ± 0.32 8.67 ± 0.24
Phenylalanine

(Phe) bitter 9.06 ± 0.16 6.55 ± 0.20 5.53 ± 0.10 5.34 ± 0.29 7.72 ± 0.25

Lysine (Lys) bitter 29.71 ± 0.35 55.77 ± 1.35 8.46 ± 0.16 52.37 ± 2.82 171.82 ± 3.74
Histidine (His) bitter 12.56 ± 0.19 13.40 ± 0.33 9.41 ± 0.08 34.10 ± 1.81 67.18 ± 1.57
Arginine (Arg) sweet 0.66 ± 0.02 1.59 ± 0.07 0.04 ± 0.04 2.38 ± 0.18 2.63 ± 0.00
Proline (Pro) sweet 15.82 ± 5.45 4.42 ± 1.07 5.13 ± 0.01 6.25 ± 1.04 33.93 ± 11.13

Total 365.40 ± 9.73 264.07 ± 6.66 189.66 ± 1.50 392.12 ± 19.04 916.44 ± 33.23

WT: water thawing; RT: refrigerated thawing; SUAT-28: single-frequency ultrasound-assisted thawing at 28 kHz;
SUAT-40: single-frequency ultrasound-assisted thawing at 40 kHz; DUAT-28/40: dual-frequency ultrasound-
assisted thawing at 28 kHz and 40 kHz.

4. Conclusions

In this experiment, we investigated the effects of single-frequency and dual-frequency
ultrasonic treatment on the quality of large yellow croaker, including the thawing rate,
water-holding capacity, and quality characteristics. Among all the thawing methods applied
in the study, the DUAT-28/40 treatment was considered to be the best thawing method. The
results showed that the UAT treatment significantly accelerated the thawing rate, and that
the DUAT-28/40 treatment had the fastest thawing rate. It also had a better performance in
terms of water-holding capacity, texture, color, and water distribution. Furthermore, the
DUAT-28/40 treatment prevented the quality from being seriously damaged compared
with other thawing methods in terms of the pH, TVB-N, and K values. It still stayed at
the first-grade freshness standard under the DUAT-28/40 treatment. The microstructure
analysis revealed less damage to the structure of the muscle under DUAT-28/40 treatment
as the flatter, more regular, and smoother myofibrils showed. At the same time, the samples
retained an impressive flavor, which was showed by the free amino acid results. Overall,
the DUAT-28/40 treatment was a desirable thawing method for accelerating the thawing
rate and improving the quality of large yellow croaker. Further research could explore the
synergy between different ultrasound frequencies and power and how these apply in the
thawing process. In addition, the mechanism is also expected to be studied.
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Abstract: Valorization of an artichoke by-product, rich in bioactive compounds, by ultrasound-
assisted extraction, is proposed. The extraction yield curves of total phenolic content (TPC) and
chlorogenic acid content (CAC) in 20% ethanol (v/v) with agitation (100 rpm) and ultrasound (200 and
335 W/L) were determined at 25, 40, and 60 ◦C. A mathematical model considering simultaneous
diffusion and convection is proposed to simulate the extraction curves and to quantify both tempera-
ture and ultrasound power density effects in terms of the model parameters variation. The effective
diffusion coefficient exhibited temperature dependence (72% increase for TPC from 25 ◦C to 60 ◦C),
whereas the external mass transfer coefficient and the equilibrium extraction yield depended on
both temperature (72% and 90% increases for TPC from 25 to 60 ◦C) and ultrasound power density
(26 and 51% increases for TPC from 0 (agitation) to 335 W/L). The model allowed the accurate
curves simulation, the average mean relative error being 5.3 ± 2.6%. Thus, the need of considering
two resistances in series to satisfactorily simulate the extraction yield curves could be related to the
diffusion of the bioactive compound from inside the vegetable cells toward the intercellular volume
and from there, to the liquid phase.

Keywords: artichoke; by-products; ultrasound-assisted extraction; phenolic compounds; chlorogenic
acid; diffusion model

1. Introduction

Large quantities of by-products are produced through the processing of plant-based
foods whose re-introduction into a circular sustainable economy is important for reducing
environmental problems generated by agro-industrial processes [1,2]. Moreover, in recent
decades there has been considerable interest in the food industry in finding new sources of
bioactive compounds with health and nutritional benefits. One of these sources is vegetable
by-products because they are usually rich in antioxidants and food fiber [3].

Artichokes (Cynara scolymus L.) are widely grown and consumed in the Mediter-
ranean region, and as such are considered a fundamental food of the Mediterranean
diet [4]. During the industrial processing of artichoke, about 80–85% of the total plant
biomass is rejected, being the heart of the artichoke the edible part [5]. This waste consists
mainly of the artichoke bracts, stems, and leaves. Artichokes are a rich source of phenolic
compounds, mainly chlorogenic acid, cynarine, caffeoylquinic acid, and flavonoids [6,7].
These compounds are responsible for the high antioxidant activity (16.76–180 mg of Trolox
equivalents/g dry matter, dm) and other properties such as hepatoprotective, choleretics,
anticarcinogenic, anti-HIV, diuretic, antifungal, and antibacterial properties [8,9]. Chloro-
genic acid is a major artichoke phenolic compound, displaying a strong scavenging activity
against reactive oxygen species and free radicals, and showing protective activity against
oxidative damage [10].

For the recovery of bioactive compounds retained in the vegetable matrix, solid-liquid
extraction is one of the most commonly used unit operations in the food industry [11].

Foods 2021, 10, 931. https://doi.org/10.3390/foods10050931 https://www.mdpi.com/journal/foods
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One of the important variables that can be optimized to minimize the energy cost of the
process is the temperature [12]. This variable affects not only the equilibrium and the mass
transfer rates during the extraction but also, the yield in thermally labile compounds, so, a
sufficiently high temperature can contribute to their degradation [13]. Standard extraction
techniques usually use large amounts of organic solvents and imply high operating costs
and long extraction times [14]. Thus, intensification of the extraction process is one of
the areas with the greatest potential for development in the food industry. Among the
techniques proposed to do this, power ultrasound is one of the most promising, allowing
higher yields in shorter times and with lower energy costs [15].

The intensification of the extraction process by power ultrasound is related to sev-
eral phenomena occurring simultaneously. One of the most important and studied is the
cavitation phenomenon, which consists of the formation, growth and implosion of gas
nano-microbubbles in the liquid, causing the molecules to oscillate around their equilib-
rium position, producing intermolecular distances to be continuously modified following
alternate cycles of compression and decompression [16]. The implosion of cavitation bub-
bles leads to macro-turbulences and micromixing in the liquid media and microjets on the
solid surface, which provokes surface peeling, erosion, and particle breakdown [17]. Fur-
thermore, sonoporation, the cell walls’ permeabilization, and the sonocapillary effect, both
due to ultrasound, can increase the release of cellular content into the extractive medium.

Overall, the effects of the ultrasound on the solid/liquid system can alter the cell
walls microstructure [18]. Vallespir et al. [19] observed the formation of micro-channels
in mushroom cell walls after ultrasound-assisted convective drying, which were wider
when the temperature increased. Llavata et al. [16] described in a review that according to
a number of different authors, ultrasound treatment causes the weakening of the cellular
structure and the creation of microcracks, which facilitate the mass transfer.

Mathematical modelling allows us to estimate, control and predict the behavior of
a process under different extraction conditions; at the same time, it can contribute to the
optimization of the process [20].

When two phases with different compositions, as in an extraction process, come into
contact, the diffusing substance leaves its place in an area of high concentration and moves
to an area of low concentration. To understand the relationship between the parameters
involved in ultrasound-assisted extraction and the efficiency of the antioxidant compounds’
recovery from natural sources, different modeling strategies have been proposed, most
of them, by using empirical or kinetic models [21]. One of the proposed approaches
considers that the extraction of active compounds is controlled by two-phase boundaries.
The first explains the washing step where the compounds are dissolved into the solvent,
and the second considers a diffusion step where the solutes from the internal wall cells
diffuse into the solvent, this step being slower than the first extraction step due to mass
transfer limitations. Different mathematical expressions are used to empirically represent
this situation such as the parabolic diffusion model and the double exponential or two-
site kinetic model. Mustapa et al. [22] and Natolino and Da Porto [23] used a double
exponential model to satisfactorily simulate the extraction curves of phenolic compounds
assisted by microwave from the Lindau herb, and assisted by ultrasound from grape
marc, respectively.

Other authors have used models with a phenomenological approach. For the extrac-
tion of vegetable oils, the broken plus intact cells model has been proposed. This model
considers the presence of broken cell walls, usually as a result of a pre-treatment, and
intact cells that add an additional mass transfer resistance. In the broken cells, the main
mechanism of mass transfer is convection, whereas the intact cell mass transfer is governed
by diffusion [24].

To the best of our knowledge, the extraction process of bioactive compounds using
power ultrasound from artichokes stems has not been modelled and simulated with a
phenomenological model. The main objective of this work was to evaluate the application
of acoustic energy as a technology to intensify the bioactive compounds extraction process
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(phenolic compounds and chlorogenic acid) from artichoke by-products and to propose a
mathematical model to simulate the extraction kinetics at different temperatures (25, 40,
and 60 ◦C) and ultrasound power densities (at 200 W/L and 335 W/L), comparing them
with conventional mechanical agitation.

2. Materials and Methods

2.1. Chemicals

The following reagents were used for the different determinations: methanol HPLC
grade, ethanol 96% (v/v) extra pure, acetonitrile HPLC grade, and Folin-Ciocalteu reagent,
which were all from Scharlau (Barcelona, Spain); and orto phosphoric acid 85% (v/v)
purchased from Panreac (Barcelona, Spain). The standard of chlorogenic acid > 95% was
purchased from Sigma Aldrich Company Ltd. (Gillingham, UK).

2.2. Sample and Preparation

Artichokes (Cynara scolymus) grown in Majorca (Spain), selected with a stem diameter
of 1.9 ± 0.2 cm, were purchased from a local supermarket, and stored at 4 ◦C for a maximum
of one week.

To determine the total phenolic compounds content (TPC) and the chlorogenic acid
content (CAC) of the artichoke parts, the artichokes were divided into three fractions: stem,
bracts, and heart. Each part was frozen at −80 ◦C in an ultra-freezer (CVF 525/86 Ing.
Climas, Spain), subsequently subjected to lyophilization (LyoQuest, Telstar, Spain) at
0.3 mbar and −50 ◦C, ground (A10, Ika Werke, Germany), sieved (FIT-0200, Filtra, Spain)
to a particle size of less than 0.5 mm, vacuum packed (EVT-10, Tecnotrip, Spain) in
20/70 polyamide/polyethylene bags with permeability to O2 of 2.58 × 10−7 mol/m2·s·Pa
(Guerrero Coves SL, Valencia, Spain) and stored at 4 ◦C protected from light until processed
(for a maximum of one month).

Methanolic extracts were prepared to determine the TPC and CAC. For this, samples
were accurately weighed (~1.0 g), 40 mL of methanol were added, and the mixture was
homogenized with the help of an Ultra-Turrax T25 Digital (Ika, Germany) for 60 s, at
13,000 rpm and 4 ◦C protected from light. The homogenate was refrigerated for 24 h.
Subsequently, it was centrifuged at 4000 rpm for 10 min (ALC 4218, Thermo Scientific,
Milano, Italy). The supernatant was filtered through Whatman No. 4 paper and stored at
4 ◦C in the dark until analysis.

The moisture content of the raw and freeze-dried samples was determined according
to the official AOAC method 934.06 and the results were expressed as g of water per 1 g of
artichoke (on a dry matter basis, dm).

2.3. Extraction Experiments

The experimental equipment used to carry out the extraction treatments in liquid
medium was a jacketed glass container with a capacity of 600 mL connected to a thermo-
static bath (Frigedor, J.P. Selecta, Barcelona, Spain) for temperature control. The selected
extraction solvent was water-ethanol (80–20 v/v) due to the solubility of phenolic com-
pounds and chlorogenic acid [6,25] and low toxicity and cost, used in a total volume of
200 mL and a solid/solvent ratio of 1:5 (w/v, g/mL).

Conventional extraction (A) was conducted with mechanical agitation (100 rpm) by
using a conventional stirrer (RZR 2021, Heidolph, Germany) equipped with a four-blade
propeller that describes a 50 mm diameter circle. For the extractions with ultrasound
assistance (U), the mechanical stirring was replaced by a titanium sonotrode of 100 mm
length (Hielscher Ultrasonics, Schwabach, Germany) working in cycles of 0.5 s and im-
mersed 0.5 cm into the extraction solution. The sonotrode was connected to an ultrasonic
generator (UP400S, Hielscher Ultrasound Technology, Teltow, Germany). To carry out the
extraction experiments, two different sonotrodes of 22 mm (Ua experiments) and 14 mm
(Ub experiments) diameter were used, obtaining two different ultrasound power densities
which were characterized.
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For the extraction experiments, the stem of the artichoke was selected and cut into
0.5 and 1 cm thick slabs. Extractions from 0.5 cm thick artichoke stem slabs were carried
out with mechanical agitation and assisted by ultrasound at three different temperatures
(25 ± 2 ◦C, 40 ± 2 ◦C, and 60 ± 1 ◦C), because higher temperatures could produce bio-
compounds’ degradation. The extraction times were 4, 6, 8, 10, 12, 15, 20, 25, 30, and
35 min, since high extraction yields were observed at 35 min. Two additional experi-
ments were carried out with 1 cm thick artichoke stem slabs at 40 ◦C, the first one with
mechanical agitation (100 rpm), and the second one with ultrasound assistance (22 mm
diameter sonotrode). In all the experiments, after the corresponding time, 2 mL of extract
were taken by syringe, filtered with a 0.45 μm polytetrafluoroethylene (PTFE) filter and
stored at 4 ◦C to subsequently determine both the chlorogenic acid and the total phenolic
compounds contents.

2.4. Characterization of the Acoustic Field

To measure the acoustic power (W) supplied to the immersion fluid, a calorimetric
technique was used. This method consists of measuring the temperature increase during the
first 300 s of ultrasound application by using two K-type thermocouple probes connected
to a data acquisition equipment HP 34970A Data Logger (COMARK, London, United
Kingdom) [26]. The calculation of the ultrasound power was performed using Equation (1),
based on the experimentally tripled temperature-time curve.

P = MCp
dT
dt

(1)

where P is the ultrasound power (W), M the mass of solvent (kg) T the temperature (K),
t the exposure time (s) and Cp the heat capacity of the solvent (J/kg K). The acoustic power
densities (W/L) were calculated as the ratio between the ultrasound power (P) and the
total extraction volume.

2.5. Determination of Total Phenolic Content

The TPC was spectrophotometrically determined, from both the methanolic extracts
and those taken at the different points of the extraction process, according to the method
of quantification of Folin-Ciocalteu phenols adapted to 96-well microplates described by
Eim et al. [27]. The determinations were performed in triplicate and the results were expressed
as mg of gallic acid equivalent (GAE) per 1 g of artichoke (on a dry matter basis, dm).

2.6. Determination of Chlorogenic Acid Content

The CAC was determined using the method described by Wang et al. [28], using
a Thermo-Finnigan Surveyor HPLC analytical system (Thermo Scientific, Paris, France)
equipped with a Waters 600E pump, a Waters 2966 photodiode matrix detector and a
software-controlled Waters 717 plus autosampler (Empower). For this, 10 μL of extract
were injected into a Prodigy 5 μm ODS-3 100 Å (5 μm; 3.2 × 150 mm) (Phenomenex,
Torrace, CA, USA). The mobile phases were formed by 0.2% H3PO4/H2O (v/v, solvent
A) and CH3CN (solvent B). A gradient flow was used starting with 94% A and 6% B
and changing to 70% A and 30% B after 20 min. The flow rate was set at 1 mL/min, the
temperature at 25 ◦C and the UV/vis detection wavelength at 330 nm.

The identification and quantification of the main peak were carried out by calibra-
tion with external standards (y = 26,837.1x + 13,177.4, R2 = 0.9996, LOD = 0.067 mg/L,
LOQ = 0.223 mg/L). The experiments were performed in triplicate and the results were
expressed in mg chlorogenic acid per 1 g of artichoke (on a dry matter basis, dm).

2.7. Mathematical Modelling

The transport of bioactive compounds during the extraction process could take place
through different and simultaneous mechanisms that contribute to the total flux. A mathe-
matical model has been proposed to explain the mass transport by combining Fick’s second
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law with the microscopic mass transfer. A constant and effective diffusion coefficient
(Deff, m2/s) was considered, only temperature-dependent [29], although other mechanisms
could coexist. Due to the presence of the external stem skin, it was also assumed that
the mass transfer took place mainly through the axial direction; therefore, the solid was
considered as an infinite slab. The governing equation obtained is as follows Equation (2):

∂Csol(x, t)
∂t

= Deff
∂2Csol(x, t)

∂x2 (2)

where Csol is the local concentration of the bioactive compound in the solid phase (mg/g dm),
x the axis distance (m) and t is the extraction time (s). To solve this partial differential equa-
tion, the initial bioactive compounds content (Co sol) was considered uniform throughout
the slab and both the shape and the size of the slab considered constant during the process.
Both solid symmetry and surface convection were the boundary conditions considered.

By using the separation of variables method [30], the following expression (Equa-
tion (3)) was obtained for the bioactive compounds content profile in an infinite slab [31],
where L (m) is the half-thickness of the slab.

Csol − Ce sol
Co sol − Ce sol

=
∞

∑
ν=1

2 sin(γν)

sin(γν) cos(γν) + γν
e[−

Deff t

L2 γν
2] cos [γν

x
L ] (3)

γν tanγν = Bi (4)

Bi =
hm L
Deff

(5)

where Ce sol is the equilibrium bioactive compounds content in the solid phase, and the γν

coefficients in Equation (3) are the roots of Equation (4). The Biot number (Bi) (Equation (5))
expresses the relative importance of the internal and the external resistances to mass transfer
(hm, m/s). High values of the Biot number (Bi > 1) mean that the internal transfer is limiting
and, therefore, the extraction process is mainly controlled by diffusion. Conversely, low
values of the Biot number (Bi < 1) indicate that the external transfer resistance is important.
The Biot number calculation allows us to determine if the limiting factor is internal or
external. If the internal transfer is limiting, the intensification of surface exchanges will not
be affected [32].

The average TPC and CAC in the slab were estimated as the average of the local
content (Csol) calculated using Equations (3)–(5) in 30 equally distributed positions along L
and using enough terms of Equation (3) to achieve a change lower than 1%. The TPC and
CAC in the liquid phase at time t were assumed to be the difference between the initial slab
contents (Co sol) and the estimated average slab contents at that time. The TPC and CAC
extraction yields (%) were estimated in percentage as the average contents in the liquid
phase divided by the initial contents in the solid phase.

The ‘nlinfit’ function of the optimization toolbox of Matlab R2020b (The MathWorks
Inc., Natick, MA, USA), which estimates the coefficients of a nonlinear regression function
and the residuals using least squares, was used to identify the model parameters. The
mean relative error (MRE, Equation (6)), calculated by comparison of the experimental
(Cexp) and calculated (Ccal) concentrations, was used as the objective function to minimize.
N is the number of experimental data. The MRE has been used in the literature to assess
the quality of fit for different mathematical models and it is generally accepted that MRE
values below 10% provide a good fit [33].

MRE =
100
N

N

∑
i=1

∣∣Cexp i − Ccal i
∣∣

Cexp i
(6)
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2.8. Statistical Analysis

For the statistical analysis of the experimental results, R 3.1.0 software [34] together
with RStudio IDE [35] were used. Shapiro-Wilk and Levene tests were used to evaluate the
normality of data distribution and the homogeneity of variances, respectively. When data
were normally distributed and exhibited homogeneity of variances, the parametric ANOVA
and Tukey’s tests were used to evaluate the existence and extent of significant differences
among samples, respectively. These methods were replaced by robust statistical methods
when data were not normally distributed and/or exhibited heterogeneity of variances. In
this case, the ‘t1way’ and ‘lincon’ R functions (WRS2 package), a heteroscedastic one-way
ANOVA which uses a generalization of Welch’s method, and pairwise comparisons at
α = 0.05, respectively [36], were used with trimmed means.

To perform a thorough and objective evaluation of the accuracy of the simulation
provided by the proposed mathematical model, the MRE (Equation (6)) and the percentage
of explained variance (%var, Equation (7) were determined by a comparison between
the experimental results and those provided by the model. Syx and Sy are the standard
deviations of the estimation and the sample, respectively.

%var =
[

1 − Syx

Sy

]
100 (7)

3. Results and Discussion

3.1. Phenolic Compounds of the Artichoke

The TPC and CAC of the three different parts of the artichoke (heart, stem, and bracts)
were determined and compared in order to select the best by-product to work with in the
subsequent extractions (stem or bracts). The results are shown in Table 1 together with the
moisture contents.

Table 1. Moisture content, total phenolic content (TPC) and chlorogenic acid content (CAC) of the
artichoke heart, stem, and bracts.

Moisture (g Water/g dm) TPC (mg/g dm) CAC (mg/g dm)

Heart 4.38 ± 0.20 a 48.9 ± 1.4 a 24.2 ± 1.0 a
Stem 7.00 ± 0.33 c 45.7 ± 2.1 a 21.4 ± 1.1 a
Bracts 5.10 ± 0.29 b 27.4 ± 1.6 b 5.8 ± 1.3 b

Means with different letter for the same column showed significant differences according to the Tukey’s test
(p < 0.05).

According to the FDA, the average moisture content of artichoke is of 5.28 g/g
dm [37]. In this study, the moisture content of the three parts exhibited significant (p < 0.05)
differences. The TPC was lower in the bracts than in both the heart and the stem, with
no significant differences (p < 0.05) observed between the latter two. The CAC showed
a similar trend to that observed in the phenolic compounds, being significantly lower
(p < 0.05) in the bracts than in the other two parts. Lavecchia et al. [38] analyzed artichoke
residues and determined the phenolic compounds in the stem and bracts obtaining values
of 51.10 ± 0.74 and 24.58 ± 0.57 mg GAE/g dm, respectively. Song et al. [39] analyzed the
chlorogenic acid content of the heart, obtaining a value of 23.81 ± 0.01 mg/g dm.

The heart is the consumed part and therefore is not a by-product. The TPC and CAC
of the stem were similar to those in the artichoke heart and significantly (p < 0.05) higher
than those in the bracts. Therefore, the stem was selected as the raw material for the
extraction experiments.

3.2. Ultrasonic Power Characterization

The acoustic power density (Pot, W/L) was calculated, as described previously, as
the ratio between the ultrasound power applied (P) and the total extraction volume. The
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measured ultrasound power densities were 200 ± 5 W/L for the 22 mm diameter sonotrode
(Ua experiments) and 335 ± 31 W/L for the 14 mm diameter sonotrode (Ub experiments).

3.3. TPC and CAC Extraction Yields

The experiments of bioactive compounds extraction from the artichoke stem slabs
(0.5 cm thickness) were carried out at different temperatures (25, 40, and 60 ◦C) with
mechanical stirring (A) and with acoustic assistance (Ua at 200 W/L and Ub at 335 W/L)
for 35 min. The TPC and CAC were measured in the extracts at different times, and the
yields of extraction were estimated as the percentages of the initial contents in the artichoke
stem that had moved from the solid matrix to the solvent. These results are shown in
Figure 1 as average values and deviations (dots).
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Figure 1. Experimental and simulated extraction yield curves of total phenolic content (TPC) (a) and chlorogenic acid
content (CAC) (b) from artichoke stem slabs (0.5 cm thickness) at different temperatures (25, 40 and 60 ◦C) with agitation
(A, 100 rpm) and acoustic assistance (Ua, 200W/L and Ub, 335 W/L).

A total of three groups of experiments can be observed in these figures depending on
the temperature. The extraction yield curves at 25 ◦C were located at the bottom of each
figure, those at 60 ◦C at the top, and the curves of experiments at 40 ◦C were located in the
middle areas. Thus, the influence of temperature on the extraction yield was remarkable.
Moreover, in each of these groups, the extraction yield increased when ultrasound was
applied, the increase being higher when the ultrasound power density was higher.

The TPC yield increased, after 35 min of extraction with agitation, from 4–68% when
the temperature increased from 25–60 ◦C. In the case of the ultrasound-assisted extraction,
the yield increased from 13–82% in Ua experiments (200 W/L) and from 24–99% in Ub
experiments (335 W/L) for the same time and temperature interval. With regard to the
CAC extraction yield after 35 min, it increased from 1% at 25 ◦C to 46% at 60 ◦C for the
experiments with agitation, while the increases in Ua experiments were from 6–60%, and
from 8–75% in Ub experiments, for the same temperature increase.

Roselló-Soto et al. [40] observed a 10% increase in phenolic compounds extraction from
tiger nut by-products in 50% ethanol at 50 ◦C with mechanical agitation, in comparison
with the same extraction carried out at 25 ◦C. Irakli et al. [41] carried out the phenolic
compounds extraction from olive leaves in an ultrasound bath (frequency 37 kHz) with
different solvents and for different times and temperatures (25, 45, and 60 ◦C). These
authors observed that when optimal extraction conditions were applied (50% acetone as
solvent and 10 min of extraction time), TPC increased by 9% at 60 ◦C in comparison with
the TPC at 25 ◦C. Angelov et al. [42] carried out the extraction of phenolic compounds
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from the stems and the leaves of an artichoke under agitation in thermostatic shaker and
observed a 105% increase from the extraction carried out at 20 ◦C to the extraction carried
out at 100 ◦C.

According to the literature, extracting bioactive compounds has a temperature-labile
limit [43], and using temperature above 75 ◦C may promote significant degradation
losses [44]. Moreover, mechanical agitation can be inefficient in extracting the parts of phe-
nolic compounds that can be ester bound or trapped within proteins and polysaccharides,
on cell walls [45]. After 35 min of extraction at 25 ◦C, the TPC and CAC yields increased
from 4% and 1%, respectively, in the experiment with agitation, up to 24% and 8%, respec-
tively, when 335 W/L of acoustic energy was applied. The application of ultrasound at
335 W/L caused increases in the TPC and CAC yields, in comparison to the experiments
with agitation, of 93% and 67% at 40 ◦C, and 43% and 62% at 60 ◦C, respectively. Similar
extraction yields of TPC were achieved at 25 ◦C with the application of power ultrasound
(335 W/L) to those obtained at 40 ◦C by mechanical stirring (100 rpm).

Umaña et al. [33] observed a 193% increase in the ergosterol extraction yield from
mushroom stalks in 70% ethanol at 25 ◦C and 321 W/L of ultrasound power density in com-
parison to the extraction with mechanical agitation assistance (130 rpm). Arruda et al. [46]
carried out the extraction of phenolic compounds and chlorogenic acid from dried araticum
peel with 50% ethanol-water (v/v), at a maximum temperature of 40.4 ◦C and applying
ultrasound with a sonotrode of 13 mm of diameter, reaching ultrasound power from 160 W
to 640 W. These authors reported extraction yields about 41% higher for TPC and 82%
higher for CAC when extracting with the highest ultrasound power (640 W) compared
with the lowest (160 W).

3.4. Mathematical Modelling

The proposed mathematical model parameters were identified for the TPC and CAC
extraction curves. In a preliminary identification step, Deff, Bi and Ce for TPC and CAC
extraction kinetics were identified for each tested extraction condition. Once the figures for
these parameters were obtained, it was observed that the effective diffusion coefficient was
temperature-dependent, according to an Arrhenius type equation (Equation (8)), where
D0 is the pre-exponential factor (m2/s) and Ea is the activation energy (J/mol K), R is
the gas constant (8.31 J/mol K), and T is the extraction temperature (◦C). Moreover, by
assigning a zero for the ultrasound power density variable in the experiments carried
out with mechanical agitation, the Biot number exhibited a linear dependence with the
ultrasound power density (Equation (9)), and the equilibrium content in the liquid phase
(extract) was linearly dependent on both the ultrasound power density and the extraction
temperature (Equation (10)).

Deff = D0 e[
Ea

R(T+273) ] (8)

Bi = Bi0 + Bi1 Pot (9)

Ce = Ce0 + Ce1 Pot + Ce2 T (10)

In a second identification step, all the experimental data obtained at the different
temperatures, ultrasound power densities, and extraction times were simultaneously used
to identify the seven model parameters to simulate the TPC and CAC extraction yields.
The identified figures for the parameters of Equations (8)–(10) are shown in Table 2, for
both the TPC and CAC extraction kinetics, together with the confidence interval (p < 0.05)
and standard error for each parameter. As it can be seen, the standard errors were relatively
high since a large number of parameters were simultaneously estimated.

According to Equation (8) and figures in Table 2, the effective diffusion coefficient
varied from 1.42 × 10−7 m2/s at 25 ◦C to 2.43 × 10−7 m2/s at 60 ◦C for TPC extraction
and from 9.44 × 10−7 m2/s at 25 ◦C to 1.79 × 10−6 m2/s at 60 ◦C for CAC extraction, thus,
increases of 71.6% and 90.1%, respectively.
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Table 2. Identified parameters for the proposed model and confidence interval (CI) and standard error (SE) for each parameter.
Extraction of total phenolic content (TPC) and chlorogenic acid content (CAC) from artichoke stem at different temperatures under
agitation and acoustic assistance.

TPC CAC

Value CI SE Value CI SE

Do (m2/s) 2.41 × 10−5 [0.93 × 10−5, 3.89 × 10−5] 6.34 × 10−6 4.25 × 10−4 [2.73 × 10−4, 5.77 × 10−4] 2.37 × 10−1

Ea (kJ/mol K) 12.7 [12.0, 13.5] 4.44 × 10−5 15.1 [12.7, 17.5] 1.35 × 10−4

Bi0 1.55 × 10−2 [0.54 × 10−2, 2.56 × 10−2] 3.36 × 10−1 1.31 × 10−3 [0.46 × 10−3, 2.16 × 10−3] 7.33 × 10−1

Bi1 (L/W) 1.18 × 10−5 [0.26 × 10−5, 2.15 × 10−5] 2.85 × 10−4 2.00 × 10−6 [0.23 × 10−6, 3.77 × 10−6] 1.12 × 10−3

Ce0 (mg/g dm) −24.4 [−25.2, −23.6] 0.39 −12.3 [−12.9, −11.8] 0.27
Ce1 (mg L/g dm W) 4.41 × 10−2 [4.26 × 10−2, 4.57 × 10−2] 7.8 × 10−4 8.98 × 10−3 [6.47 × 10−3, 11.49 × 10−3] 5.3 × 10−4

Ce2 (mg/g dm ◦C) 1.12 [1.10, 1.13] 7.4 × 10−3 0.54 [0.53, 0.55] 5.0 × 10−3

It can be assumed that the temperature increase favored extraction by improving
the solubility of the phenolic compounds. This trend could be observed in the study con-
ducted by Türker and Erdoğdu [47] who concluded that the diffusion coefficient increased
by ca 106% in the extraction of pigments from black carrot (Daucus carota L.) when the
temperature increased from 25 ◦C (1.8 × 10−11 m2/s) to 50 ◦C (3.7 × 10−11 m2/s).

The estimated activation energy (Ea) for the TPC and CAC extraction processes was
12.7 kJ/mol and 15.1 kJ/mol, respectively. The parameter Ea may depend on different
factors related to the extraction process, such as the structures of both the solid matrix and
the bioactive compounds, the treatment of the sample before the extraction, the solvent
used, among others [48]. According to the literature, when the Ea is lower than 20 kJ/mol,
the extraction rate is mainly controlled by the diffusion process [49]. Tao et al. [50] estimated
7.0 kJ/mol of activation energy for the extraction of phenolic compounds from grape
pomace in an ultrasonic bath system at 25 kHz.

The low figures obtained for the Biot number (from 1.55 × 10−2 at 0 W to 1.94 ×
10−2 at 335 W/L for the TPC extraction, and from 1.31 × 10−3 at 0 W to 1.98 × 10−3 at
335 W/L for the CAC extraction) are indicative of the relative importance of the external
mass transfer resistance. The increase of Biot number was also observed in the extraction
of paclitaxel from Taxus Chinensis in an ultrasound bath at 25 ◦C, by Yoo and Kim [51],
from 4.77 at 180 W to 6.50 at 380 W of ultrasound power.

According to Equation (5), the external mass transfer coefficient (hm) for the extrac-
tion of TPC varied with both the temperature and the ultrasound power density, from
8.79 × 10−7 m/s for the extraction by mechanical agitation (0 W/L of ultrasound) at
25 ◦C to 1.89 × 10−6 m/s at 335 W/L and 60 ◦C, thus a 71.6% increase from 25 ◦C to
60 ◦C and a 25.5% increase from 0 to 335 W/L. For the CAC extraction, hm varied from
4.95 × 10−7 m/s for the extraction by mechanical agitation (0 W/L of ultrasound) at 25 ◦C
to 1.42 × 10−6 m/s at 335 W/L and 60 ◦C, thus a 90.1% increase from 25–60 ◦C and a 51.1%
increase from 0–335 W/L. In both cases, it can be observed that the effect of the temperature
was higher, although the ultrasound assistance also caused significant hm increases.

The equilibrium TPC and CAC in the liquid phase depended on both the ultrasonic
power density and the temperature. When the ultrasonic power density increased from
0–335 W/L, Ce increased 417%, 73% and 35% for the TPC extraction, and 262%, 33% and
15% for the CAC extraction, at 25, 40, and 60 ◦C, respectively. Thus, the effect of the
ultrasound assistance on Ce was higher at lower temperatures. On the other hand, when
the temperature increased from 25–60 ◦C, Ce increased by 1103%, 316%, and 214% for the
TPC extraction, and 1642%, 641%, and 454% for the CAC extraction, at 0, 200, and 335 W/L
of ultrasound power density, respectively.

Using the parameter figures shown in Table 2 together with the model equations
(Equations (3)–(5) and (8)–(10)), the extraction curves were simulated for the different
extraction conditions and represented in Figure 1 as continuous lines. The accuracy of the
simulation obtained with the proposed model and, therefore, its ability to represent the
experimental results was also statistically evaluated by using the mean relative error (MRE,
Equation (6)) and the percentage of explained variance (%var, Equation (7)). Thus, Table 3
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shows the MRE and %var obtained by comparison of the experimental and calculated TPC
and CAC in the liquid phase (extracts). It can be seen in Figure 1 that the model provided a
satisfactory simulation of the extraction curves. However, as the extraction yield at 25 ◦C
with mechanical agitation was very low even after 35 min (<4% of TPC and <1.1% of CAC),
therefore, the accuracy of the simulation was not satisfactory, with MRE>15% and %var
< 95%. For the rest of the experiments, the average MRE and %var were 3.7 ± 0.5% and
99.4 ± 0.5% for the simulation of the TPC extraction curves and 6.4 ± 3.0% and 99.3 ± 0.4%
for the simulation of the CAC extraction curves.

Table 3. Mean relative error (MRE) and percentage of explained variance (%var) estimated by
comparison of experimental and simulated extraction kinetics of total phenolic content (TPC) and
chlorogenic acid content (CAC) from artichoke stem slabs (0.5 cm thickness) at different temperatures
with agitation (A) and ultrasound assistance (Ua, 200W/L and Ub, 335 W/L).

TPC CAC

T (◦C) MRE (%) %var MRE (%) %var

A
25 >15 <95 >15 <95
40 6.2 98.5 8.3 98.5
60 1.9 99.9 1.8 99.9

Ua
25 5.4 98.9 9.7 99.2
40 1.9 99.8 8.3 99.1
60 4.5 99.5 3.7 99.3

Ub
25 4.7 99.4 7.8 99.2
40 3.0 99.6 8.5 99.3
60 1.9 99.9 3.3 99.6

Average: 3.7 ± 0.5 99.4 ± 0.5 6.4 ± 3.0 99.3 ± 0.4

To further evaluate the robustness of the proposed model, two additional experiments,
not used in the model parameters identification, carried out with artichoke slabs of double
thickness (1 cm) at 40 ◦C and agitation (100 rpm) or 200 W/L of ultrasound assistance, were
simulated. Figure 2 shows the experimental (dots) and simulated (lines) extraction TPC
and CAC yield curves for these experiments. As can be seen in this figure, the simulation
provided by the model was satisfactory, even when a different particle size was used.
The average MRE and %var were 6.7 ± 2.5% and 99.3 ± 0.5%, respectively, for the TPC
extraction, and 5.5 ± 0.2% and 99.3 ± 0.1%, respectively, for the CAC extraction.

  
(a) (b) 

Figure 2. Experimental and simulated extraction yield curves of (a) total polyphenol content (TPC) and (b) chlorogenic acid
content (CAC) from artichoke stem slabs (1 cm thickness) at 40 ◦C with agitation (A, 100 rpm) and acoustic assistance (Ua,
200 W/L).
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Figure 3 shows the simulated vs. experimental TPC and CAC extraction yields for
all the experiments carried out with both slab thicknesses, the linear regression of these
data (slope and y-intercept) and predicted bounds at 95% of confidence. The coefficients of
determination were >0.99, the slopes were not significantly different to 1 (p > 0.05) and the
y-intercepts were not significantly different to zero (p > 0.05), indicating a good agreement
between both groups of data, experimental and simulated.
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Figure 3. Simulated vs. experimental (a) total polyphenol content (TPC) and (b) chlorogenic acid content (CAC) extraction
yields from artichoke stem, linear regression (slope and y-intercept), and predicted bounds at 95% of confidence. Experiments
carried out with slabs of 0.5 cm thickness at different temperatures (25, 40 and 60 ◦C) with agitation (100 rpm) and acoustic
assistance (200 W/L and 335 W/L) and with slabs of 1 cm thickness at 40 ◦C with agitation (100 rpm) and acoustic assistance
at 200 W/L.

The proposed model was developed by assuming that two resistances in series simul-
taneously controlled the mass transfer rate during the extraction process, one associated
with diffusion and a second one, to convection. To evaluate the necessity of these two
resistances, the mathematical model was also solved by considering the external resistance
to mass transfer to be negligible. In this case, the model simulation was very unsatisfactory,
with MRE > 20% and %var < 80% (results not shown). The artichoke stem is made up
of vegetable cells, containing the bioactive compounds mainly in their interior [52]. The
major resistance of molecular diffusion in materials of plant origin always comes from the
adhering membranes to the intercellular area and cell walls to the liquid phase [53]. Thus,
as it is considered in the broken plus intact cells model, two mechanisms of mass trans-
fer can contribute to the extraction kinetics: convection and diffusion. The contribution
of each one is different depending on the extraction conditions, agitation or ultrasound
assistance, and temperature. It can also change during the extraction time, as the effects of
the ultrasound alter the microstructure of the vegetable matrix.

4. Conclusions

According to the results obtained in this study, it can be concluded that not only tem-
perature causes a considerable increase in the bioactive compounds extraction yield from
artichoke stem, but the ultrasound assistance as well, in comparison with conventional
solid-liquid extraction with mechanical agitation assistance. The effects of the ultrasound
assistance were greater at lower temperatures, i.e., after 35 min of extraction at 25 ◦C,

31



Foods 2021, 10, 931

the TPC and CAC yields increased by 525% and 700%, respectively, when 335 W/L of
ultrasound power density were used, in comparison with the experiments with 100 rpm
of mechanical agitation. Taking into account environmental aspects, it could be interest-
ing for the food industry to consider ultrasound as a technology of extraction process
intensification since ultrasound application could allow obtaining similar or higher extrac-
tion yields of phenolic compounds using lower temperatures and ecofriendly solvents.
A phenomenological model has been proposed to simulate the extraction yield curves.
This model allowed the quantification of both temperature and ultrasound power density
effects in terms of the variation of the model parameters with both variables. The need
to consider two series resistance to satisfactorily simulate the extraction yield curves was
observed, which could be related to the diffusion of the bioactive compound from inside
the vegetable cells toward the intercellular volume and from there, to the liquid phase. The
effective diffusion coefficient exhibited temperature dependence according to an Arrhenius
equation, whereas the external mass transfer coefficient and the equilibrium extraction
yield depended on both the temperature and ultrasound power density. The model allowed
the accurate simulation of the extraction yield curves even when different solid particle
sizes were used, the average mean relative error of the simulation being of 5.3 ± 2.6%.
Finally, the model proposed not only provides insights into the extraction process but is
also a useful tool for prediction and optimization.
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Abstract: This research aimed to evaluate the impact of atmospheric cold plasma (ACP) treatment on
the fungal spores naturally present in sundried tomatoes, as well as their influence on the physico-
chemical properties and antioxidant activity. ACP was performed with a Surface Dielectric Barrier
Discharge (SDBD), applying 6 kV at 23 kHz and exposure times up to 30 min. The results showed
a significant reduction of mesophilic aerobic bacteria population and of filamentous fungi after
the longer ACP exposure. In particular, the effect of the treatment was assessed on Aspergillus
rugulovalvus (as sensible strain) and Aspergillus niger (as resistant strain). The germination of the
spores was observed to be reliant on the species, with nearly 88% and 32% of non-germinated
spores for A. rugulovalvus and A. niger, respectively. Fluorescence probes revealed that ACP affects
spore viability promoting strong damage to the wall and cellular membrane. For the first time, the
sporicidal effect of ACP against A. rugulovalvus is reported. Physicochemical parameters of sundried
tomatoes such as pH and water activity (aw) were not affected by the ACP treatment; on the contrary,
the antioxidant activity was not affected while the lycopene content was significantly increased with
the increase in ACP exposure time (p ≤ 0.05) probably due to increased extractability.

Keywords: atmospheric cold plasma (ACP); sporicidal activity; Aspergillus niger; Aspergillus rugulo-
valvus; lycopene; antioxidant activity

1. Introduction

The consumption of dried food products and the related risk to human health have
increased globally, and concerns have been raised about the microbial quality of the prod-
ucts [1]. In fact, food security is considered a very important problem worldwide, and the
potential effects of climate change on yields and quality of food crops, including mycotox-
ins, are of particular relevance. It is estimated that around 20–25% of harvested fruits and
vegetables decompose during the post-harvest stage, even in developed countries [2]. In
this context, tomato (Lycopersicon esculentum L. var. Excell and Aranca) is a very delicate
and fragile vegetable, highly susceptible to microbial contamination, mechanical damage
during transport, processing, and storage [3]. The most important dry-tomatoes producer
in the world is China, followed by India, the United States, Turkey, Egypt, Iran, and Italy [4].

Foods 2022, 11, 210. https://doi.org/10.3390/foods11020210 https://www.mdpi.com/journal/foods
35



Foods 2022, 11, 210

In 2018, 182 million tons were produced worldwide, of which Italy produced 4% of the
total production [5]. Tomatoes are usually consumed fresh, but they are also processed
into a diversity of foodstuffs, such as pulp, sauces, paste, juices, and dried tomatoes [6]. In
particular, dried tomatoes production presents different advantages: It increases aroma,
flavor, and shelf life, and reduces transportation costs thanks to the decrease in volume and
weight [7]. However, drying is considered one of the critical points during the processing
of dry tomatoes, because of the high microbial contamination found in the environment [6].
Contamination mainly comes from pathogenic or saprophytic fungi that are found both in
soil and air and that have colonized food in the form of spores, probably carried by plant
materials and packaging [8]. In this context, fungal spores are found ubiquitously and can
tolerate many harsh conditions that are deleterious to many other life-forms such as austere
temperatures, dryness, and high levels of radiation and radical exposure [9]. Thus, like
other dry fruits, dry tomatoes could be susceptible to contamination with filamentous fungi
such as Aspergillus spp., Fusarium spp., Alternaria spp., Penicillium spp., and their associated
toxins during processing and storage [10]. The importance of fungal contamination in
foodstuffs does not only refer to the possible degradative activity but also to the capability
of many of them to produce mycotoxins to which humans are susceptible [11].

In recent years, novel food processing technologies have developed, each with peculiar
strengths, with specific applications of the greatest significance for increasing foods shelf
life, such as ohmic heating [12], high hydrostatic pressure, supercritical carbon dioxide [13],
irradiation [14,15], and gaseous chlorine dioxide, alone and in combination with biological
controls [16], ultraviolet treatment, and a pulsed electric field (PEF) [17]. Among these,
cold plasma technology is gaining importance due to its effect in minimizing food-borne
pathogens. Plasma can be generated under different conditions, both at low or at atmo-
spheric pressure; the most exploited architectures use radiofrequency waves, microwaves,
inductively coupled plasma (ICP), Dielectric Barrier Discharges (DBDs), and plasma jets.
Among these, DBD and plasma jets are prominently used in food applications. A DBD
consists of two parallel electrodes separated by a gap, and at least one of the electrodes must
be covered by a dielectric layer. In this configuration, one of the electrodes is connected
to a high-voltage generator while the other acts as the ground. As soon as the potential
difference in the gap exceeds the breakdown voltage of the gas, the ionization process
begins and micro-discharges are formed (plasma). However, to date, little research has
addressed the cold plasma decontamination of dry fruit. In addition, since cold plasma
contains various reactive species that can interact with food components, it is important
to investigate the effects of such treatments on food quality [13,18,19]. Therefore, the aims
of the present study were to (i) investigate the sporicidal effects of ACP treatments on the
spores naturally present in sundried tomatoes and (ii) to evaluate the ACP impact on the
physicochemical characteristics and antioxidant properties of the sundried tomatoes.

2. Materials and Methods

Sundried tomatoes (10 kg) were purchased from a marketplace at Teramo, Italy, in
spring 2021, and stored in polyethylene bags at 4 ◦C until use.

2.1. Plasma Treatments

Atmospheric cold plasma (ACP) was generated by a Surface Dielectric Barrier Dis-
charge (SDBD), where the setup included 4 rectangular high-voltage electrodes (115 cm2

each), and a mica dielectric layer over 2 mm thick. The ground electrode had the shape of a
mesh, and it was in contact with the dielectric layer, whereas the plasma was formed in the
holes of the mesh, producing an indirect treatment. The dry tomatoes were located under
the ground electrode. A sinusoidal waveform was applied to the high-voltage electrode
with a 6 kV of amplitude at 23 kHz.
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ACP SDBD treatments were performed at room temperature (26 ± 1 ◦C). The sundried
tomatoes samples were exposed to ACP treatment for 5, 10, 20 and 30 min and successively
stored in polyethylene bags at 5 ◦C, until analysis. Each treatment was replicated three
times in two different experiments. From each replicate, three sundried tomatoes samples
were randomly selected (n = 9). In order to avoid introducing a new study variable
(different batch contamination), all the experiment was repeated using the same sundried
tomatoes batch.

2.2. Changes in the Natural Microbiota Associate to Sundried Tomatoes after ACP

In order to determine the effect of ACP on the microbiota naturally associated with
sundried tomatoes, treated and untreated samples were analyzed after treatment (t0) and
after 22 days (t22) of storage (20 ◦C).

Random aliquots of 10 g sundried tomatoes, untreated and treated with cold plasma,
were aseptically placed in sterile stomacher bags containing 90 mL of sterile physiological
solution (0.9% w/v), and then successively homogenized in a Stomacher-400 Circulator
(Seward, West Sussex, UK). Ten-fold dilutions from the homogenate were prepared, and
100 μL was inoculated on Plate Count Agar (PCA) for total mesophilic aerobic bacteria,
Violet Red Bile Glucose Agar plates (VRBGA) for Enterobacteriaceae count, Violet Red Bile
Agar plates (VRBA) for coliforms counts, Potato Dextrose Agar (PDA) for filamentous fungi
and yeast, and DG18 for xerophilic filamentous fungi. Duplicate plates were made at
each dilution. All the culture media were purchased from Liofilchem (Liofilchem, Roseto
degli Abruzzi, Italy). PCA Plates were incubated at 30 ◦C for 48 h, PDA and DG18 agar
plates for 5 days, and VRBGA and MRS plates at 37 ◦C for 48 h, with the last ones in
anaerobic conditions. Coliforms were searched at 42 ◦C under microaerophilic conditions.
The microbial counts were reported as logarithm colony-forming units per gram of sample
(Log CFU/g).

Phenotypical and Molecular Identification of Filamentous Fungi

A random number of each colony type was recovered from the different petri dishes
of the untreated and ACP-treated sundried tomatoes. In order to identify the isolates
on the basis of the morphological and growth characteristics, colonies were inoculated
in two different culture media, malt extract agar (MEA) and Czapeck yeast extract agar
(Liofilchem, Roseto degli Abruzzi, Italy). The isolation incidence of genus and species were
calculated according to [20].

Subsequently, the molecular identification was determined according to the methodol-
ogy reported by [21]. A PCR assay was performed using primers reported in Table 1. All
genes were amplified using universal primers purchased from Sigma Aldrich (Saint Louis,
MO, USA).

Table 1. Primers used for PCR assay.

Gene Target Length bp Primer Sequences (5′ → 3′) Reference

Internal transcribed
Spacer (ITS) 420–825

ITS1 (F) 5′TCCGTAGGTGAACCTGCGG3′
[22]ITS4 (R) 5′TCCTCCGCTTATTGATATGC3′

β-tubulin (BenA) 1125
β-tub 2a (F) 5′GGTAACCAAATCGGTGCTTTC3′ [22]
β-tub 2b (R) 5′ACCCTCAGTGTAGTGACCCTTGGC3′ [23]

Calmodulin (CaM) 543
Cmd5 (F) 5′-CCGAGTACAAGGAGGCCTTC-3′

[23]Cmd6 (R) 5′-CCGATAGAGGTCATAACGTGG-3′

Abbreviation: F: Forward, R: Reverse. BenA means B-tubulin and CaM mean calmodulin.

2.3. Preparation of Spore Suspensions

In order to evaluate the resistance or sensitivity of the fungal spores to the ACP expo-
sure, spores from A. niger and A. rugulovalvus were collected with sterilized physiological
solution for five- (A. niger) and eight-day (A. rugulovalvus due to their low growth rate)
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cultures in MEA. Spores were optically standardized at a wavelength of 620 nm to obtain
an optical density (OD) of 0.1 AU, corresponding to 3.0 × 104 CFU/mL. The spore solution
was diluted in a relation 1:2 with a sterilized physiological solution, and an aliquot (10 μL)
was placed on sterile glass slides and dried with forced convection in a biosafety cabinet
in sterility for 3 h. Afterward, glass slides were treated with cold ACP for 30 min. After
treatment, 20 μL of malt extract broth (MEB) was added to the treated spore inoculation
point successively, and the inoculated glasses slides were incubated in a humidity chamber
for 24 h at 30 ◦C. Non-treated spores were considered the control. After that, spore germi-
nation was observed using a light microscope. Spores were considered germinated when
their germ tube was longer than the same conidia [24]. All the experiments were realized
in triplicate, and a total of 200 spores were counted for each sample.

Spore Viability after ACP Treatment

In order to analyze the spore viability immediately after ACP treatment, treated and
untreated spores from A. rugulovalvus (as sensible strain) and A. niger (as resistant strain)
were stained with a mixture of CFDA (carboxyfluorescein diacetate) and propidium iodide
(PI). While the green fluorescent dye CFDA is able to permeate both intact and damaged
cell membranes, the red fluorescent dye propidium iodide (PI) can enter only the cells
with significant membrane damage [25]. A 104 spore solution in PBS was treated using 30
min of ACP. Subsequently, spores were stained as reported by [25]. A Nikon A1R confocal
imaging system (Nikon Corp., Tokyo, Japan) was used to observe the spore viability.

2.4. Moisture, Water Activity and pH

Moisture content was measured according to the gravimetric method [26]. Water
activity (aw) was determined using a hygrometer AquaLab CX 4-TE (Decagon Devices
Inc., Pullman, WA, USA). The pH values were determined with a laboratory pH-meter
(MP220, Mettler Toledo International, Polaris Parkway, OH, USA). All measurements were
performed in triplicate.

2.5. Color Analysis

The tomato color was evaluated in the epicarp area before and immediately after the
ACP treatments. The analysis was conducted using a Konica Minolta Chroma Meter CR-5
spectrophotocolorimeter (Konica Minolta, Osaka, Japan) equipped with a D65 illuminant.
Measurements were performed directly on a target mask with a measurement area of 8 mm
using standard 10◦ observers. For each sample, 9 different halves were analyzed, and for
each half, the colorimetric CIELab coordinates were collected in two different areas. L*, b*,
and a* coordinates were thus used in order to calculate the redness (a*/b*), the hue angle
(h◦), and Chroma (C*), according to the following equations:

h◦ = arctan−1(b*/a*); (1)

C* = (a2 + b2)0.5; (2)

2.6. Lycopene Determination

Lycopene content was measured according to the methodology described by [27] with
some modifications. Briefly, 0.5 g of sundried tomato were added to 5 mL of distilled water
and homogenized for 5 min, using a dispersing homogenizer (Ultra-Turrax, Yellowline
DI25basic, IKA, Staufen, Germany). After mixing, 10 mL of n-Hexane was added to the
solution vortexed and centrifuged for 10 min at 4000 rpm (4 ◦C) (NEYA 16R centrifuge,
Remi, Italy). The supernatant was recovered, and the extraction step was repeated until
complete discoloration of the pellet, adding 5 mL of hexane. The absorbance of the lycopene
dissolved in hexane was detected at 503 nm using a spectrophotometer (Lambda 25 UV/VIS,
Perkin Elmer, MA, USA) and the results were expressed in μg lycopene/g of the sample,
using the formula reported by [28]:
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Lycopene(μg/g) = ((A503/ε × b) × MW × V/M) × 103 (3)

where:
A503 = absorbance of the hexane phase at 503 nm;
ε = molar extinction coefficient (L mol−1 cm−1) in the appropriate solvent;
b = cell optical path (cm);
MW = lycopene molecular weight = 536.9 g mol−1;
V = volume of hexane (mL);
M = sample mass (g).

2.7. Determination of the Antioxidant Capacity

Antioxidant capacity was evaluated on sundried tomatoes before and after ACP
treatments using two different methods i.e., (i) the Folin–Ciocalteu (FC) assay, which is
based on a redox reaction (single electron transfer—SET) and measures the capability of
an extract to reduce a mixture of phosphomolybdic/phosphotungstic acid complexes (FC
reagent) in alkaline medium, and (ii) the TEAC (Trolox Equivalent Antioxidant Capac-
ity) assay that presents a mixed mechanism of action towards antioxidants since ABTS
radicals can undergo reduction by both single electron transfer (SET) and hydrogen atom
transfer (HAT).

Sample extraction was performed by adding an aliquot (2.0 ± 0.2 g) of sundried
tomatoes to 10 mL of MeOH:H2O (80:20; v/v). Homogenization was performed for 5 min
at 13,500 rpm using a dispersing homogenizer (Ultra-Turrax, Yellowline DI25basic, IKA,
Staufen, Germany). The sample obtained was thus centrifuged at 4000 rpm for 20 min at
4 ◦C (NEYA 16R centrifuge, Remi, Italy) and the recovered supernatant was immediately
used for analyses.

The FC assay was carried out using the method reported by [29] with modifications.
In brief, 120 μL of extracts was added to 600 μL of diluted Folin–Ciocalteu reagent (1:10)
and vortexed. After 2 min, 960 μL of Na2CO3 (7.5%) was added and incubated for 5 min in
a water bath at 50 ◦C. The absorbance was measured with a spectrophotometer at 760 nm
(Lambda 25 UV/VIS, Perkin Elmer, Waltham, MA, USA). The final values were calculated
in equivalents of gallic acid, according to the calibration curve of the method. Analyses
were performed in triplicate.

The TEAC assay was performed according to [30], with slight modifications. ABTS•+

(2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic-acid) was dissolved in water to a 7 mM
concentration; the ABTS radical was formed by reacting ABTS stock solution with 2.45 mM
potassium persulphate (K2S2O8) and allowing the mixture to stand in the dark at room
temperature for 12–16 h. Before use, this solution was diluted with distilled water to
obtain an absorbance of 0.700 ± 0.020 at 734 nm. The reaction was performed by mixing
in cuvettes 30 μL of tomato extracts with 2970 μL of the ABTS•+ solution. The reaction
mixture was incubated in the dark for 7 min at room temperature and the percentage of
discoloration was used as the measure of antioxidant activity. The percent scavenging of
ABTS•+ (cation radical) was calculated as:

(Absorbance Control − Absorbance sample)/Absorbance control × 100 (4)

The antioxidant activity was expressed as μmol TEAC (Trolox Equivalent Antioxidant
Capacity)/g tomato (dry matter). The TEAC value was calculated by the ratio of the
regression coefficient of the dose–response curve of the sample and the regression coefficient
of the dose–response curve of Trolox and was expressed as μmoles of Trolox equivalents
per g of dry matter. The analysis was carried out on each extract in triplicate.

2.8. Statistical Analysis

Data were expressed as mean and standard deviation calculated on three replicated
treatments and additionally analyzed by one-way ANOVA analysis. Significant differences
between means were computed by Tukey’s multiple comparison test at a significance level
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of p ≤ 0.05. Data were processed using STATISTICA 12 for Windows (StatSoftTM, Tulsa,
OK, USA) software.

3. Results

3.1. Plasma Gas and Reactive Species Analysis

The literature regarding ACP is accurate about the chemistry that governs the at-
mosphere inside a plasma reactor, and depending on the surface power density (SPD)
absorbed by the plasma, two different regimes may occur [31,32]. For small values of SPD,
the chemistry is governed by the ozone formation reactions, and in this configuration, the
concentration of ozone increases with time, eventually reaching a plateau. This regime is
known as the ozone regime, and under these circumstances, the main reactive species that
can be found in an ACP are ozone and atomic oxygen, both with a relevant antimicrobial
effect [33,34].

Increasing the SPD leads to a greater formation of ozone up to a certain threshold, and
once this value of SPD is exceeded, the NOx formation reactions begin [34]. This regime is
known as the transition regime. In fact, ozone has a transitory behavior: At first. the ozone
concentration increases, reaches a maximum, and then decreases until it disappears. Many
reactive species characterize this transition-regime: NO, N, NO2, NO3, N2O5, O, O3.

To address the regime of the plasma process under consideration, two long-living
species were measured: Ozone and nitrogen dioxide. The ozone concentration increased
during the whole treatment and no NO2 was detected; both results led to the conclusion
that the performed process occurs in an ozone regime.

The plasma source used in the present study presents the peculiarity that the plasma
is confined in the holes of the mesh, therefore it is safe to assume that the greater part of
ions and electrons are confined in these holes too. Furthermore, the short-living species
(such as O and OH) do not have the time to reach the substrate to be treated due to their
slow diffusion velocity.

These considerations together with the fact that the plasma process occurs in the ozone
regime led us to the conclusion that the main reactive species responsible for the biological
effect is ozone.

The concentration of ozone was measured using the optical absorption spectroscopy
technique that exploits the Lambert–Beer law. The behavior of O3 showed a strong increase,
which reached a concentration of 350 ppm in 100 s; after this first phase, the concentration
growth continued with a less steep trend, and the concentration reached after 600 s was
about 600 ppm; at the end of the treatment, the concentration was about 900 ppm. The
high-voltage generator (AlmaPlasma s.r.l., Bologna, Italy) was specifically designed for
this application.

3.2. Effect of Atmospheric Cold Plasma on the Total Mesophilic Aerobic Bacteria and Filamentous
Fungi Count Naturally Present in Sundried Tomatoes

Natural Mesophilic Aerobic Bacteria (MAB) and filamentous fungi counts in sundried
tomatoes at 5–30 min of ACP treatment periods compared to the untreated ones (control)
are presented in Table 2. In the untreated samples, MAB and filamentous fungi were
detected in low levels (3.06 ± 0.78 log CFU/g and 1.7 ± 0.82 log CFU/g, respectively) that
were considered acceptable. Lactic acid bacteria, Coliforms, and Enterobacteriaceae were not
detected in the analyzed samples. The absence of coliforms and Enterobacteriaceae could
indicate the good hygienic and handling practices used to produce sundried tomatoes.

The application of ACP for 10 min allowed us to obtain a slight (0.76 ± 0.32 log CFU/g)
but significant reduction (p ≤ 0.05) of MAB, whereas further exposure at 20 and 30 min,
did not show additional improvement. It is known that the conditions of availability of
water activity found in a product such as sundried tomatoes do not allow the development
of bacteria; however. foodborne pathogens and spores from bacteria and filamentous fungi
have the potential to survive for an extended period on dried fruits [35]. In our study, we
found that the Bacillus genus was the predominant bacterial population in the sundried

40



Foods 2022, 11, 210

tomato samples, as indicated by the presence of endospores in the isolated colonies grown
in PCA that were evidenced by microscopically analysis. Studies on the efficacy of ACP
against bacteria have been conducted overall in their vegetative states; however, there is
little information on its potential for bacterial spore inactivation [36]. For example, a study
conducted on Bacillus cereus and Bacillus anthracis spores revealed that 6 log CFU/g spores
treated in liquid or air-dried on a solid surface were efficiently inactivated within 1 min
of DBD plasma treatment at a discharge power of 0.3 W/cm2 [37]. On the other hand,
other researchers obtained an inactivation of 3.5 to 4.8 log CFU/g of B. subtilis wild-type
spores after 7 min of exposure to ACP; however, the inactivation depended on the process
gas used [38]. In the present experiment, we used ambient air, which during the process
generated high quantities of O3 (at 10 min is near 600 ppm), which were, however, not
enough to kill spores. The small spore reduction observed in the present experiment might
be explained by a different qualitative and quantitative composition of the plasma discharge
and by the different sensitivities of the specific spore types [37]. Some authors suggested
that the primary mechanism of spore inactivation is the diffusion of ROS (e.g., H2O2) into
spores, followed by the damage of internal macromolecules or molecular systems. On
the other hand, it has been reported that Alpha/beta-type small, acid-soluble proteins
(SASPs) contribute to the resistance of spores to ACP and that the spores’ coat represents a
protective layer against many oxidizing agents [38,39]. In addition, Patil et al. [40] reported
that detoxifying enzymes present in the bacteria coat of the spore play an important role in
detoxifying chemicals.

Table 2. Total mesophilic aerobic bacteria and filamentous fungi count naturally present in sundried
tomatoes immediately (t0) and at 22 (t22) days after ACP treatment.

Time of Treatment
(min.)

Mesophilic Bacteria (log UFC/g) Filamentous Fungi (log CFU/g)

t0 t22 t0 t22

Control 3.06 ± 0.78 a 3.12 ±0.54 a 1.79 ± 0.82 a 1.56 ± 0.75 a

5 2.95 ± 0.45 a 3.06 ±0.34 a 1.68 ± 0.4 a 1.54 ± 0.56 a

10 2.30 ± 0.50 b 2.40 ±0.10 b 0.77 ± 0.45 a 0.47 ± 0.52 a

20 2.15 ± 0.28 b 2.30 ±0.19 b 0.62 ± 0.6 a 0.67 ± 0.58 a

30 2.20 ± 0.56 b 2.10 ±0.64 b 0.44 ± 0.52 b 0.51 ± 0.61 a

Mean and standard deviation of three repetitions in two different experiments. Different letters in the same line
mean significant differences between the treatments (p < 0.05; Tukey HSD post-hoc test).

With regard to the filamentous fungi counts, inactivation due to ACP was slightly
higher compared to Bacillus spores. In fact, immediately after the 30 min treatment, a
reduction of 1.35 log CFU/g was observed. As mentioned before, the comparison of the
efficacy of the ACP treatment with previous studies is very difficult because it depends
on the voltage, exposure time, initial microbial density, process gas, working distance,
and plasma exposure [41]. However, in other studies performed on blueberries, cherries,
tomatoes, and meat, the authors also reported a small reduction (from 0.8 to 1.5 log CFU/g)
of yeast and filamentous fungi after ACP treatment [42–44]. In general, information on
the sensitivity of fungal spores to plasma is scarce and focused on the decontamination of
seeds, nuts, and powdered food [45–47].

As expected, 22 days after the ACP treatment (t22), there were no significant differences
(p ≥ 0.05) between the control and the treated samples. In fact, as observed in Table 2, the
water activity in the samples did not increase during storage, therefore the spores present
on the sundried tomatoes surface were not able to germinate or form mycelia.

3.3. Effect of the CAP on the Fungal Species

In order to verify if ACP treatments could have a species-dependent effect, the fil-
amentous fungi associated with treated and untreated samples were identified. From
58 fungal isolates, a total of 23 different colonies of fungal morphotypes were found in the
analyzed samples, but only 4 different genera were identified. In particular, Aspergillus
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genera represented the vast majority (78.2%) of the fungal colonies, followed by Rhizopus
(13.04%), Corynascus (4.34%), and Cladosporium (4.34%). All the isolated specimens were
identified at the molecular level and the gene sequences obtained were aligned with the
accession numbers of the NCBI BLAST database and reported with their respective ones
(Supplementary Table S1).

In our study, the ITS gene was able to discriminate only four species, and for this
reason we used other genes (BenA, CaM,) that gave us more information (Table S1). As evi-
denced, untreated sundried tomatoes harbored eight different species, such as Aspergillus
rugulovalvus formerly Aspergillus rugulosus (syn Emericella rugulosa var. lazuline), A. niger,
A. amstelodami, A. tubingensis, A. cristatus, R. oryzae, Cladosporium cladosporioides, and Cory-
nascus sepedonium. As observed in Table S1, all A. tubingensis and A. niger strains, which
belong to the Nigri section, were identified by means of amplification and sequencing of
the CamA and BenA genes, respectively. These genes have been considered important for
the identification of Aspergillus species, and in particular for the Nigri section [48]. It is
important to underline that only Aspergillus cristatus was identified with the primers ITS1
and ITS4.

A great number of the species isolated here are of particular interest to food as they can
grow rapidly over wide temperature and aw ranges (minimum ~0.70–0.72 aw). Moreover,
the presence of Aspergillus ssp. is of special concern since several species of this genus
are capable of producing mycotoxins, for example A. rugulovalvus potentially produce
Sterigmatoxin; A. niger and A. tubingensis have the potential to secrete Ochratoxin A
(OTA); and the xerophilic species A. amstelodami have been shown to produce multiple
toxins, including Patulin, OTA, and Sterigmatocystin. In addition, other species identified
here can produce mycotoxins during favorable conditions. For example, R. oryzae is a
potential producer of Cyclopiazonic acid and Kojic acid, and Cladosporium cladosporioides
has been reported to produce aflatoxins, Deoxynivalenol, Fumonisins, OTA, T-2 toxin,
and Zearalenone.

As observed in Figure 1, ACP treatments affected the fungal community structure in
sundried tomatoes, since fewer fungi were isolated, and their diversity was reduced with
prolonged treatment of ACP. In fact, although significant differences were not found in
colony counts after 5 min of ACP exposure with respect to the control samples, from eight
species present in control samples, only three (A. niger, A. tubingensis, and R. oryzae) were
detected in the treated samples with similar incidence. Similar behavior was observed even
after 10 min of treatment, even if A. niger was isolated at a major frequency. After 20 min of
treatment, only A. niger and A. tubingensis were isolated and in similar proportions. An
interesting result was observed at 30 min of exposition. In fact, only A. niger colonies were
isolated after ACP exposure. As stated in Section 2, it is important to underline that the
greater length of the treatment implies a longer exposure of cells to O3. Thus, our results
point out the efficacy of the treatment to inactivate spores of species that are frequently
reported as a contaminant and able to produce important mycotoxins. Trompeter et al. [49]
investigated the sporicidal activity of ACP using dielectric barrier discharges (DBDs) on
A. niger spores, and reported that among different gases or mixtures of gases used (Ar,
synthetic dry and moistened air, a mixture of O2 and O3 and N2, and N2 with 1% added H2),
the argon discharge was proven to be the most efficient for spores’ inactivation. Recently,
the efficacy of the high-voltage atmospheric cold plasma (HVACP) technology to reduce A.
flavus spores was reported. In fact, about 50% spore inactivation was reached after 1 min of
treatment [50].
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Figure 1. Incidence of the fungal species on sundried tomatoes before and after the ACP treatments.

In order to further demonstrate the effect of ACP on spore inactivation, spores of
A. niger (the most resistant species) and A. rugulovalvus (most sensitive species) were
subjected to the ACP treatment for 30 min. The spores were individually inoculated
in vitro, and the germination percentage and vitality were measured 18 h after treatment.
The results, presented in Figure 2a, show that the percentage of non-germinated spores
was greater in A. rugulovalvus than in A. niger, confirming the higher resistance of A. niger
spores to the stress induced by ACP. It is well known that multiple factors are able to
inhibit fungal spores’ germination; in the present study, the disruption of the membrane
permeability of the fungal spores was evaluated using confocal laser scanning microscopy
coupled with CFDA and PI dyes. This methodology was already reported to be suitable
for fungal spores analysis [51]. Our results showed that the inhibition of A. rugulovalvus
spore germination was mainly due to the rupture of the spore permeability barrier after
treatment. In fact, the use of nucleic acid stain labels such as propidium iodide (Figure 2b,c),
which is unable to enter the nucleus in the intact spore, revealed a decrease in the amount
of metabolically active spores after ACP. On the contrary, in treated spores of A. niger
(Figure 2d), a small percentage was stained red, suggesting that this type of spore possess
particular characteristics that allow their resistance against the oxidative stress generated
by ozone and other ROS generated by ACP. In this context, some authors reported that
the spore pigment melanin increases the firmness of spore cell walls, thus protecting the
cell from stressors such as temperature and UV-irradiation, and increases the resistance to
ROS, which are also produced in ACP [52]. Similarly, [53] suggested that melanization is
a protection mechanism, due to the optical and antioxidant properties of melanin, which
allow for limiting and repairing photodamage, due to electromagnetic energy or radiation
that could remove electrons from water and other molecules (DNA and proteins) in the
fungal cells. Other plausible hypotheses regarding the resistance of spores to ACP have been
suggested by Montie et al. [54] who attributed it to their extremely thick polysaccharide cell
walls that could represent an adaptation to environmental stresses [55]. On the other hand,
as a result of the action of charged particles in ACP, the surface of the cell wall could be
subjected to erosion that might cause damage to the cell wall structure and thickness [56].
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Figure 2. Effect of ACP on spore germination (a) of Aspergillus niger and A. rugulovalvus in malt
extract medium after 30 min of ACP treatment. Confocal laser scanning microscopy analysis of cell
viability in A. rugulovalvus (b,c) A. niger (d,e) after treatment and stained with green fluorescence
CFDA (carboxyfuorescein diacetate) and red propidium iodide (PI) dyes. Bars indicate percentage of
cell live (green) and death (red) spores in A. rugulovalvus (f) and A. niger (g), respectively. Different
letters represent significant differences between the sample (p < 0.05; Tukey HSD post-hoc test).

3.4. Effects on Physicochemical Characteristics of Sundried Tomatoes

The physico-chemical characteristics of sundried tomatoes are presented in Table 3. As
can be observed, after the ACP treatments, sundried tomatoes showed pH and aw values
similar (p ≥ 0.05) to the control sample, while slight differences were observed in the
moisture content, which decreased (loss < 6%) after 10 and 20 min of ACP treatment. This
moisture loss can be attributed to the evaporation of superficial water due to convective
flows triggered by the difference of temperature between the plasma source, which is
about 30–35 ◦C, and the treatment chamber at room temperature (26 ◦C), and possibly
promoted by cellular damages and surface modifications caused by plasma. In particular,
ACP treatments were found to decrease the water contact angle of tomato peels and to
accelerate the drying of tomatoes. Plasma-reactive species, in fact, can degrade the cuticle
making its surface more hydrophilic, therefore increasing the water permeability of the
plant surfaces and thus water diffusion from the plant interior [57]. Concerning the slight
moisture increase highlighted after 30 min of treatment, it could be dependent on the
accidental rehydration of the sample after ACP treatment rather than due to a higher initial
moisture content of the sundried tomatoes sampled for this specific treatment.

Table 3. Effect of ACP treatment on the physicochemical and antioxidant characteristics of sundried
tomatoes. Treatments were carried out at ambient temperatures of 26 ± 1 ◦C.

Time of Treatment
(min.)

pH
Moisture

Content %
aw

Lycopene
(g/g dw)

FC
(mg GAE/g dw)

TEAC
(μmol TE/g dw)

0 4.36 ± 0.059 a 34.25 ± 1.57 a 0.608 ± 0.006 a 3.22 ± 0.05 d 3.35 ± 0.16 a 8.35 ± 0.55 ab

5 4.34 ± 0.053 a 33.29 ± 1.37 a 0.610 ± 0.005 a 3.58 ± 0.21 c 3.58 ± 0.24 a 7.58 ± 0.42 b

10 4.30 ± 0.075 a 29.00 ± 0.28 b 0.610 ± 0.004 a 4.13 ± 0.26 b 3.57 ± 0.24 a 9.28 ± 0.66 a

20 4.25 ± 0.079 a 29.86 ± 0.29 b 0.611 ± 0.004 a 4.57 ± 0.03 a 3.35 ± 0.05 a 7.51 ± 0.91 b

30 4.29 ± 0.076 a 32.43 ± 0.36 a 0.613 ± 0.007 a 4.14 ± 0.11 b 3.48 ± 0.13 a 7.89 ± 0.71 ab

Mean and standard deviation of three repetitions in two different experiments. Different letters in the same line
mean significant differences between the treatments (p < 0.05; Tukey HSD post-hoc test).

As lycopene is one of the predominant carotenoids found in tomatoes [58], the effect
of ACP on this compound was investigated. As shown in Table 3, ACP treatment positively
affected the lycopene content leading to an increase of up to 42% after 20 min, while
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the extension of the treatment to 30 min resulted in a slight reduction. The increase in
lycopene content upon ACP treatments was also observed by [58] and could be related to
the enhancement of its extractability from the tomato skins as an effect of the cell damage
induced by plasma-reactive species. On the other hand, the increase in the concentration of
long-lifetime oxidizing species such as ozone in the treatment chamber could have been
responsible for the lycopene reduction highlighted after 30 min of treatment. Overall, these
results show that, after the previous optimization of the process parameters, cold plasma
may be potentially used to enhance the extraction of lycopene from plant tissues.

As regards the antioxidant properties, no significant (p > 0.05) variation of the reducing
power and of the radical scavenging activity was highlighted after the ACP treatments.
Similar results were also reported by [59] on kiwifruit treated by cold plasma at 15 kV for
20 min; conversely, other studies showed a positive influence of ACP on the antioxidant
properties of plant products, ascribing this effect to the formation of phenolic compounds
with higher antioxidant capacity [60], to the increase in the extractability of polyphenols
and other antioxidants such as carotenoids and vitamin C [61], and to the accumulation
of secondary metabolites that include phenolic compounds as defense responses to UV
irradiation [62,63]. It is important to consider that the instrument used in our study did not
produce UV radiation. As highlighted by [64], different effects observed on the antioxidant
properties of plant foods treated by cold plasma depend on the food matrix and on the
plasma type, applied voltage, working gas, treatment time, and relative humidity. These fac-
tors, in fact, affect the types of reactive species generated, UV radiation, energetic ions, and
charged particles that may induce physicochemical reactions with treated materials [65].

As color is probably the first quality factor judged by consumers on tomato products,
the effect of ACP treatments on this attribute was also evaluated. As shown in Table 4, ACP
did not affect the a* and b* values of tomato peels as well as the h◦, C*, and a*/b* values,
while we determined, irrespectively of the treatment time, a slight reduction (about 11%) of
lightness (L*). This darkening could be due to possible melting of cutaneous wax on the
peel surface [66].

Table 4. Instrumental color in the CIE L*a*b* space.

Time of Treatment
(min)

L* a* b* C* h◦

0 29.20± 3.64 a 19.74 ± 3.75 a 15.20 ± 3.29 a 24.94 ± 4.81 a 37.48 a ± 3.14 a

5 26.03 ± 5.79 b 16.98 ± 4.76 a 14.49 ± 5.25 a 22.37 ± 6.92 a 39.54 a ±4.47 a

10 25.10 ± 3.27 b 18.23 ± 4.68 a 14.38 ± 3.94 a 23.27 ± 5.92 a 38.16 a ± 3.79 a

20 24.07 ± 4.52 b 17.45 ± 2.94 a 12.91 ± 2.69 a 21.71 a ± 3.93 a 36.35 a ± 1.83 a

30 25.92 ± 4.76 b 18.63 ± 2.46 a 14.72 ± 3.27 a 23.78 a ± 3.81 a 38.01 a ± 3.42 a

L*: Luminosity index; a*: Green–red color coordinate; b*: Blue–yellow color coordinate; C*: Croma; h◦: Hue. Data
on the same column marked with different letters are significantly different at a p < 0.05 level.

4. Conclusions

The results obtained in the present study highlighted that the application of ACP has
potential for the fungal spore decontamination of sundried tomatoes. As demonstrated, it
exhibited several levels of the sporicidal effect depending on the types of spores and fungal
species. In addition, this study demonstrated that the inactivation processes depend on the
exposure time, which is related to the increase in the ozone in the ACP chamber, which
reached about 900 ppm at the end of the treatment (30 min). In addition, fluorescence
probes revealed that ACP affects spore viability considerably in A. rugulovalvus, which was
associated with strong damage of the wall and cellular membrane of the spores. For the
first time, the sporicidal effect of ACP against A. rugulovalvus, a species that produces the
antifungal lipopeptide caspofungin B, has been reported. Concerning the physicochemical
properties, ACP slightly affected the water content and the color of sundried tomatoes,
but did not influence the antioxidant properties, while it increased the extractability of
lycopene. In conclusion, the obtained results showed good potentiality of this technology
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for dry product decontamination and highlighted the importance of process optimization
considering the effect on quality and nutritional properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11020210/s1, Table S1. Identification of the fungi isolates
from dry tomatoes, determined by sequences of the ITS, β-tubulin, and Calmodulin genes.
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Abstract: Eggs are one of the most commonly consumed food items. Currently, chlorine washing is
the most common method used to sanitize shell eggs. However, chlorine could react with organic
matters to form a potential carcinogen, trihalomethanes, which can have a negative impact on human
health. Plasma-activated water (PAW) has been demonstrated to inactivate microorganisms effectively
without compromising the sensory qualities of shell eggs. For this study, various amounts (250, 500,
750, or 1000 mL) of PAW were generated by using one or two plasma jet(s) at 60 watts for 20 min
with an air flow rate at 6 or 10 standard liters per minute (slm). After being inoculated with 7.0 log
CFU Salmonella Enteritidis, one shell egg was placed into PAW for 30, 60, or 90 s with 1 or 2 acting
plasma jet(s). When 2 plasma jets were used in a large amount of water (1000 mL), populations of S.
Enteritidis were reduced from 7.92 log CFU/egg to 2.84 CFU/egg after 60 s of treatment. In addition,
concentrations of ozone, hydrogen peroxide, nitrate, and nitrite in the PAW were correlated with the
levels of antibacterial efficacy. The highest concentrations of ozone (1.22 ppm) and nitrate (55.5 ppm)
were obtained with a larger water amount and lower air flow rate. High oxidation reduction potential
(ORP) and low pH values were obtained with longer activation time, more plasma jet, and a lower air
flow rate. Electron paramagnetic resonance (EPR) analyses demonstrated that reactive oxygen species
(ROS) were generated in the PAW. The observation under the scanning electron microscope (SEM)
revealed that bacterial cells were swollen, or even erupted after treatment with PAW. These results
indicate that the bacterial cells lost control of cell permeability after the PAW treatment. This study
shows that PAW is effective against S. Enteritidis on shell eggs in a large amount of water. Ozone,
nitrate, and ROS could be the main causes for the inactivation of bacterial cells.

Keywords: plasma-activated water (PAW); Salmonella; egg

1. Introduction

Eggs are a popular food choice in daily life and an excellent source of nutrients [1,2]. The major
pathogenic microorganism associated with eggs is Salmonella spp. Salmonellosis associated with eggs is
frequently reported in many countries [3]. In Taiwan, 77% of confirmed Salmonella cases were associated
with eggs (TCDC, 2011). Among more than 2000 serovars, S. enterica serovar Enteritidis (S. Enteritidis)
is the most frequently occurring serovar in eggs and egg products [4–6]. Thus, inactivating Salmonella
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on egg surfaces is a necessary process. Currently, the most common practice used to disinfect and
clean the surface of shell eggs is washing with 100–200 ppm chlorinated water, alkaline detergent (such
as quaternary ammonium salts), hot water, or steaming at 5–10 ◦C above the egg’s surface temperature.
Chlorinated water is the most commonly used method, because of its relatively low cost and high
efficacy. However, chlorine is not stable in high temperatures, and easily reacts with organic substances
to form a potential carcinogen, trihalomethane [7]. In addition, modern consumers perceive chemical
food treatments negatively. Thus, a novel technique to disinfect and clean shell eggs without chemical
residue is strongly needed.

Non-thermal plasma is a novel physical method to disinfect microorganisms on foods without
compromising sensory characteristics. Plasma ionizes the gas to generate charged particles, electric
fields, ultraviolet (UV) photons, reactive nitrogen-oxygen (RNS), and reactive oxygen species (ROS),
which are able to inactivate microorganisms [8]. Applying the plasma jet inside water, the charged
particles, ROS, and RNS generated from gas ionization describe those which were previously easily
dissolved in water. In addition, plasma also ionized the water to produce charged particles and ROS.
These substances and the reaction products of these substances were effective antimicrobial agents.
The substances are relatively non-stable and degrade rapidly, thus leaving no chemical residue [9,10].
This type of water is called plasma-activated water (PAW), which has been reported to inactivate
foodborne pathogens on food-contact surfaces and food items without a negative impact to the
environment and human health [8]. Several examples of using PAW to inactivate microorganisms on
food have been reported, which include mushroom [11], strawberry [12], bean sprout [13], Korean rice
cake [14], egg [15], and cabbage [16].

In past studies, several substances generated by the reactions of RNS and ROS in PAW were
suggested to be the key agents in inactivating bacteria [17]. These agents included hydrogen peroxide
(H2O2), singlet oxygen (O), nitrite (NO2

−), and nitrate (NO3
−). However, these potential antibacterial

agents were not measured in the previous examples of using PAW on food items. Additionally,
the amount of PAW used was relatively small (100–200 mL). Increasing the amount of PAW is a critical
step towards industrial applications. Therefore, the objectives of this research were to evaluate the
efficacy of larger amounts of PAW on shell eggs and investigate the potential antibacterial mechanism
of PAW. To achieve these goals, different quantities of plasma generators and air flow rates were
used in various amounts of water to obtain the optimal condition to inactivate S. Enteritidis on eggs.
The concentrations of hydrogen peroxide (H2O2), ozone (O3), nitrite (NO2

−), and nitrate (NO3
−) in

PAW was determined. The spectrum of plasma and the existence of singlet oxygen (O) were measured.
Lastly, damage of the PAW-treated bacterial cells was observed under a scanning electron microscope.

2. Material and Methods

2.1. Preparation of Bacterial Suspension

The most commonly occurring pathogen associated with eggs, Salmonella enterica subsp. enterica
serovar Enteritidis (ATCC 13076, Bioresource Collection and Research Centre, Taiwan), was used.
This bacterium was maintained on tryptic soy agar (TSA) and confirmed by the selective media, xylose
lysine deoxycholate agar (XLD). Fresh working culture was prepared by inoculating in tryptic soy
broth (TSB), then incubated at 37 ◦C for 18–20 h consecutively, twice. Bacterial population density was
maintained at a 1.0–1.5 optical density at 600 nm (OD600), which was approximately 9 log CFU/mL.
The media used in this study were all purchased from Difco Laboratories (Detroit, MI, USA).

2.2. Preparation of Plasma-Activated Water (PAW)

The device of the non-thermal atmospheric plasma generator was assembled by the Aerothermal
and Plasma Physics Lab. (APPL), Department of Mechanical Engineering, National Chiao Tung
University (Hsingchu, Taiwan). The major components of the system included a high-voltage power
supply, an air pump, and an atmospheric pressure plasma jet (APPJ) (patent, US10,121,638B1) generator.
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During the study, single or duplicate system(s) were used to evaluate the effect of plasma jet quantities.
This system was specifically designed to operate an electrode beneath the water surface to generate
PAW. Atmospheric air was pumped into the electrode by the air pump, which also controlled the air
flow rate. As per the previous study [15], reverse osmotic (RO) water was used as the water source.
The voltage, frequency, pre-activation time, and power were set at 3.0 kV, 16 kHz, 20 min, and 60 Watts,
respectively. The duplicate system used in this study is shown in Figure 1.

 

Figure 1. The devices of the air plasma-activated water system, including (A) air pumps, (B) high-voltage
power supply, (C) plasma jet generators, and (D) the beaker containing one egg.

2.3. Inactivation of Salmonella spp. on Eggs by PAW

Eggs were obtained from a commercial egg farm with its own brand name. All testing eggs were
unwashed and laid less than 2 days before testing. Only the eggs without surface debris, such as feces
or other litter, were used. The chosen eggs were thoroughly washed by sterilized water, wiped by
sterile paper, and then air-dried in a laminar hood. The washed egg was placed into a sampling bag
with 100 mL phosphate buffer saline (PBS, pH 7.2). After being completely hand-rubbed for 2 min,
decimally serial dilution and spreading on plate count agar (PCA) were used to check the presence
of bacteria. Absence of Salmonella was confirmed based on the official method of the US Food and
Drug Administration [18], in which the washed egg was placed into a sampling bag containing 225 mL
lactose broth, then incubated at 37◦C for 24 h. Tetrathionate (TT) broth and Rappaport-Vassiliadis (RV)
broth were used as selective enrichment broth following the incubation of lactose broth. Selective
agar media were xylose lysine deoxycholate (XLD), Hektoen enteric (HE), and bismuth sulfite (BS),
which were used after the incubation of the selective enrichment broth. Before testing, S. Enteritidis
(SE) culture was centrifuged at 5000× g for 5 min at 4 ◦C and resuspended in new TSB to achieve a
population at 2–3 × 109 CFU/mL. One hundred μL bacterial suspension was placed onto the surface of
each egg in 33–35 drops, then air dried for 20–30 min. The inoculated eggs of the treatment group
were transferred into a beaker containing pre-activated PAW. Different combinations of the operating
parameters, such as air flow rate, water amount, treatment time, and plasma generator quantity,
were tested to obtain the optimal conditions (Table 1). The treated egg was transferred into a sterile
sampling bag with 100 mL of PBS, then gently rubbed by hand for 2 min. After being decimally
serial-diluted, 0.1 mL of the PBS was spread onto PCA. The plates were incubated at 37 ◦C for 18–24 h,
and triplicate plates were used for each dilution. Two to three colonies on a PCA plate which were
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randomly re-streaked onto XLD agar to confirm the recovered bacteria were Salmonella. Inoculated
eggs washed with the same amount of sterile RO water with the same time were used as the water
washing control. Inoculated eggs without washing were used as the negative control [15].

Table 1. The operating parameters of plasma-activated water (PAW) to inactivate S. Enteritidis on
shell eggs.

Parameters Variance Unit

Air flow rate 6, 10 standard liter per min (slm)
Water amount 250, 500, 750, 1000 mL
Treatment time 30, 60, 90 sec
Plasma jet number 1, 2

2.4. Measurement of pH, Oxidative-Reductive Potential (ORP), Hydrogen Peroxide (H2O2), Ozone (O3),
Nitrite (NO2−), and Nitrate (NO3−) of PAW

The values of pH, oxidative-reductive potential (ORP), conductivity, hydrogen peroxide (H2O2),
ozone (O3), nitrite (NO2−), and nitrate (NO3−) were determined to investigate the physio-chemical
characteristics of PAW.

2.4.1. Measurement of pH and Oxidative-Reductive Potential (ORP)

The values of pH and oxidative-reductive potential (ORP) were measured by a pH/ORP meter
(PC-200, Cole-Parmer, Vernon Hills, IL, USA) connected with a pH or ORP probe (serial 100 probe,
Cole-Parmer).

2.4.2. Measurements of Hydrogen Peroxide (H2O2)

The concentration of H2O2 at each treatment time, 30, 60, and 90 s was measured according to
the method of the Department of Health and Welfare, Taipei City, Taiwan (2013). Five mL of PAW
was collected immediately after treatment and mixed with 0.1% o-phenylenediamine (OPD) in citric
acid buffer (pH 5.0). After reacting for 10 min, 1 mL 10 N sulfuric acid was added, and absorbance at
490 nm was recorded. The H2O2 concentrations were determined by comparing with the standard
curve ranging from 0 to 6.0 mg/L. The absorbance at 490 nm was adjusted by using sterile RO water as
the testing sample.

2.4.3. Measurement of Ozone (O3)

Ozone concentrations at each treatment time, 30, 60, and 90 s, were determined by Ozone AccuVac®

Ampuls (0–1.5 mg/L) in a handheld colorimeter (DR900, HACH, Loveland, CO, USA). Following
manufactural instruction, 40 mL PAW was sampled immediately after treatment and the ampule
containing the reagents was placed into the tilted PAW sample. After the ampule was filled with PAW,
it was sealed by a rubber stopper and shaken until the reagents totally dissolved. After reacting for
1 min, the concentrations were measured in the colorimeter. Sterile RO water was used as the blank.

2.4.4. Measurement of Nitrite (NO2−), and Nitrate (NO3−)

The concentrations of nitrate and nitrite at each treatment time, 30, 60, and 90 s were measured by
Nitrite Reagent Powder Pillows (2–250 mg/L NO2−, and 0.3–30 mg/L NO3−) in a handheld colorimeter
(DR900, HACH, Loveland, CO, USA). As per the manufactural instructions, 10 mL of PAW was
sampled and mixed with the powder pillows. After reacting for 5 min, the concentrations of NO2− and
NO3− were determined in the colorimeter. Sterile RO water was used as the blank.
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2.5. Measurement of the Optical Characteristics of Plasma by Optical Emission Spectroscopy (OES)

The optical characteristics of the plasma jet in the water was measured by an emission spectroscope
(SP-2500, Acton Research, Acton, MA, USA). A plasma jet was placed beneath the water surface in
a quartz tube. Plasma was discharged beneath the water. A fiber optics cable connected with the
spectroscope was used to measure the optical signals with wavelengths between 200 to 850 nm.

2.6. Detection of Reactive Oxygen Species (ROS) by Electron Paramagnetic Resonance (EPR)

The generation of ROS in the PAW was determined by the reaction of superoxide,
as well as superoxide-related formations of hydroxyl radicals within the spin trap of DMPO
(5,5-dimethylpyrroline-N-oxide). Magnetic fields strength (G) of the sin trap was detected by an
electron paramagnetic resonance (EPR) spectrometer (EMXplus-10/12/P/L system, Bruker Inc., Billerica,
MA, USA). PAW was generated on site, and 1 L RO water was activated for 20 min using two plasma
jets with an air flow rate at 10 slm. After 20 min activation, 1 mL PAW was collected at 30, 60, and 90 s
with the plasma jets were still acting. After mixing with 20 μL of 1 M DMPO, the samples were
immediately measured by EPR. RO water added with the same amount of DMPO was used as the
control [19].

2.7. Observation Under Scanning Electron Microscope (SEM)

The inoculated eggs were treated with PAW for 60 or 90 s in 1 L PAW, as described previously,
and unwashed inoculated eggs were used as the control. After treatment, eggshells were collected,
and the inner membrane was removed. The shells were immersed in a phosphate buffer containing
2.5% glutaraldehyde at 4 ◦C for 2 h, then further washed three times with phosphate buffer and
deionized water. The washed shells were soaked in gradually increasing concentrations of ethanol
solutions (50%, 70%, 80%, 90%, and 95%). The dehydrated eggshell was further treated at −20 ◦C for
2 h, then −80 ◦C for 12 h. Finally, the shell samples were freeze-dried for 4 h, then stored in a desiccator
before SEM observation. The samples were observed under a Quanta 200 Environmental Scanning
Electron Microscope (Thermo Fisher Scientific, Waltham, MA, USA).

2.8. Statistical Analyses

Each treatment had triplicate samples, and all experiments were conducted at least twice. Data were
analyzed by using one-way ANOVA and Duncan’s test was used for post hoc analysis. The significant
differences between treatments were set at p < 0.05. All statistical analyses were conducted by using an
IBM SPSS program (Version 22.0, St. Armonk, NY, USA).

3. Results

3.1. The Effects of Plasma Jet Quantity, Treatment Time, and Air Flow Rates

While one plasma jet was used, bactericidal activities increased with longer treatment time
(p < 0.05) and reduced significantly when large water amounts were tested (p < 0.05). When compared
with egg samples washed by sterile water under the same treatment time, 2.82–3.07 and 1.92–2.89
log CFU/egg reductions were obtained from the PAW at 250 and 500 mL, respectively. However,
only 0.53–0.92 log and 0–0.08 CFU/egg reductions were obtained at 750 and 1000 mL (Table 2).
Bactericidal activities increased greatly when two plasma jets were used. More than five log reductions
were obtained when eggs were treated for 90 s in 750 and 1000 mL PAW (Table 2). Longer treatment
time still resulted in greater reductions (p < 0.05). However, no significant difference was observed
between different water volumes at the same treatment time (p > 0.05).

53



Foods 2020, 9, 1491

Table 2. The populations of Salmonella Enteritidis (log CFU/egg) on eggs treated by the plasma-activated
water (PAW) generated with one or two plasma jets at 6 slm air flow with different treatment times
and volumes.

Treatments/Volume 250 mL 500 mL 750 mL 1000 mL

Unwashed 7.22 ± 1.04 aA 7.37 ± 0.60 aA 8.06 ± 0.06 aA 7.92 ± 0.25 aA

Sterile water-30s 6.85 ± 0.23 bA 6.69 ± 0.42 bA 7.12 ± 0.21 bA 7.06 ± 0.01 bA

Sterile water-60s 6.66 ± 0.06 bA 6.60 ± 0.06 bA 6.63 ± 0.16 bA 6.54 ± 0.34 bcA

Sterile water-90s 6.24 ± 0.27 bA 6.49 ± 0.27 bA 6.43 ± 0.27 bA 6.36 ± 0.16 bcA

One plasma jet
PAW-30s 3.78 ± 0.64 cdA 4.77 ± 0.92 cB 6.49 ± 0.13 bC 6.98 ± 0.12 bcC

PAW-60s 4.27 ± 0.63 cA 4.26 ± 0.67 cdA 6.10 ± 0.11 bcB 6.59 ± 0.27 bcB

PAW-90s 3.42 ± 0.37 cdA 3.60 ± 0.65 dA 5.51 ± 0.27 cB 6.28 ± 0.19 cC

Two plasma jet
PAW-30s 4.55 ± 0.60 cA 4.33 ± 0.15 cdA 4.36 ± 0.41 dA 4.67 ± 0.32 dA

PAW-60s 3.48 ± 0.66 cdA 3.87 ± 0.39 dA 3.73 ± 0.48 dfA 2.84 ± 1.34 eA

PAW-90s 3.16 ± 0.10 dA 3.38 ± 0.32 dA 2.69 ± 0.37 fA 2.78 ± 0.56 eA

Data are presented as average ± STD. Average in the same column with different lower-case letters are significantly
different (p < 0.05). Average in the same row with different upper-case letters are significantly different (p < 0.05).

Since the PAW generated with two plasma jets was more effective and a large water volume was
the objective, the effects of different air flow rates were only tested in the two plasma jet systems at the
1000 mL water amount. Significantly lower reduction (p < 0.05) was obtained from the samples using
10 slm rather than 6 slm air flow rate for all three treatment time-periods. When treatment time was
extended from 60 s to 90 s, no significant decrease (p < 0.05) in bacterial populations were obtained at
both air flow rates (Table 3).

Table 3. The populations of Salmonella Enteritidis (log CFU/egg) on eggs treated in 1000 mL
plasma-activated water (PAW) generated with two jets at 6 slm or 10 slm.

Treatments/Flow Rate 6 slm 10 slm

Unwashed 7.24 ± 0.23 Aa 7.71 ± 0.11 Aa

Sterile water-30s 7.06 ± 0.01 Aa 6.69 ± 0.17 Ab

Sterile water-60s 6.54 ± 0.34 Aa 6.46 ± 0.06 Ab

Sterile water-90s 6.23 ± 0.16 Aa 6.34 ± 0.13 Ab

PAW-30s 4.67 ± 0.32 Ab 5.20 ± 0.16 Bc

PAW-60s 2.84 ± 1.34 Ac 4.53 ± 0.17 Bd

PAW-90s 2.78 ± 0.56 Ac 3.83 ± 0.07 Bd

Data are presented as average ± STD. Average in the same column with different lower-case letters are significantly
different (p < 0.05). Average in the same row with different upper-case letters are significantly different (p < 0.05).

3.2. The pH and Oxidative-Reductive Potential (ORP) Values of PAW

Within the PAW generated by one plasma jet, the values of pH decrease and ORP increase were
reduced significantly (p < 0.05) when a larger water volume was used. However, when adding one
more plasma jet, the pH and ORP values of the PAW were not significantly different (p > 0.05) between
various water amounts (Table 4). However, when the PAW was generated with two plasma jets,
significantly lower ORP values were obtained with the high air flow rate (10 slm) (Table 5).
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Table 4. The pH and oxidative-reduction potential (ORP) values of the plasma-activated water (PAW)
generated with one plasma jet and two plasma jets at various treatment times and water volumes.

Treatments/Volume 250 mL 500 mL 750 mL 1000 mL

RO water pH 6.23 ± 0.20 aA 6.27 ± 0.28 aA 6.25 ± 0.21 aA 6.13 ± 0.13 aA

ORP 200.9 ± 3.5 dA 249.4 ± 6.1 dA 254.6 ± 28.7 dA 220.4 ± 13.5 dA

One plasma jet
PAW-30s pH 3.36 ± 0.07 bA 3.43 ± 0.17 bA 3.53 ± 0.15 bA 3.95 ± 0.11 bB

ORP 492.5 ± 14.1 cA 499.8 ± 7.1 cA 476.2 ± 8.6 cB 467.8 ± 7.5 cB

PAW-60s pH 3.29 ± 0.10 bA 3.46 ± 0.16 bA 4.01 ± 0.04 bA 3.87 ± 0.03 bA

ORP 503.2 ± 18.6 bA 513.9 ± 11.2 bA 505.5 ± 7.2 bA 491.1 ± 11.3 bA

PAW-90s pH 3.41 ± 0.10 bA 3.55 ± 0.14 bA 3.71 ± 0.08 bB 3.81 ± 0.06 bB

ORP 531.6 ± 3.4 aA 536.7 ± 10.3 aA 496.8 ± 17.3 aB 509.6 ± 2.2 aB

Two plasma jet
PAW-30s pH 3.20 ± 0.08 bA 3.12 ± 0.02 bA 3.24 ± 0.08 bA 3.29 ± 0.02 bA

ORP 540.5 ± 0.4 aA 543.20 ± 0.1 aA 530.8 ± 12.7 aA 505.95 ± 1.2 aB

PAW-60s pH 3.10 ± 0.02 bA 3.17 ± 0.09 bA 3.16 ± 0.03 bA 3.20 ± 0.02 bA

ORP 510.2 ± 8.1 bA 534.0 ± 1.4 bA 523.6 ± 7.6 bA 515.7 ± 2.1 bA

PAW-90s pH 3.06 ± 0.01 cA 3.08 ± 0.05 cA 3.12 ± 0.06 cA 3.25 ± 0.08 cA

ORP 529.5 ± 6.2 bA 533.7 ± 10.7 bA 520.7 ± 23.3 bA 527.1 ± 9.7 bA

Data are presented as average ± STD. Average in the same column for the same testing with different lower-case
letters are significantly different (p < 0.05). Average in the same row with different upper-case letters are significantly
different (p < 0.05).

Table 5. The values of pH and oxidative-reduction potential (ORP) of 1000 mL PAW generated by two
plasma jets at different treatment times and flow rates.

Treatments/Flow Rate 6 slm 10 slm

RO water pH 7.91 ± 0.12 aA 8.05 ± 0.23 aA

ORP 239.6 ± 18.10 cA 210.1 ± 12.5 bA

PAW-30s pH 3.29 ± 0.02 bA 3.31 ± 0.10 bA

ORP 505.95 ± 1.2 aA 465.2 ± 4.1 aB

PAW-60s pH 3.20 ± 0.02 bA 3.40 ± 0.02 bA

ORP 515.70 ± 2.12 bA 488.8 ± 7.4 aB

PAW-90s pH 3.25 ± 0.08 cA 3.32 ± 0.03 bA

ORP 527 ± 9.76 bA 501.2 ± 24.6 aB

Data are presented as average ± STD. Average in the same column for the same testing with different lower-case
letters are significantly different (p < 0.05). Average in the same row with different upper-case letters are significantly
different (p < 0.05).

3.3. The Concentrations of Ozone (O3), Hydrogen Peroxide (H2O2), Nitrate (NO3
−), and Nitrile (NO2−)

in PAW

Both the concentrations of O3 and H2O2 were lower at 10 slm compared to 6 slm, particularly
H2O2, whose values were significantly lower (p < 0.05) at 10 slm. When the water amount increased,
the variation of O3 concentrations was insignificant (p > 0.05). However, H2O2 concentrations reached
the highest at 750 mL, but decreased markedly at 1000 mL (Table 6).

The NO2
− concentrations were higher than NO3

− in PAW (Table 7). Both NO3
− and NO2

−
concentrations increased with longer treatment time. At different air flow rates, NO3

− concentrations
increased at 10 slm, but NO2

− concentrations decreased at 10 slm. However, NO3
− concentrations

decreased when the water volume increased, but NO2
− concentrations increased along with the

water volume.

55



Foods 2020, 9, 1491

Table 6. The concentrations of ozone (O3) and hydrogen peroxide (H2O2) of the PAW generated by
two plasma jets at 6 or 10 slm with different treatment times and water volumes.

slm Time/Volume 250 mL 500 mL 750 mL 1000 mL

O3

6
30 s 1.03 ± 0.05 bA 0.92 ± 0.03 bA 0.84 ± 0.02 aA 0.90 ± 0.06 aA

60 s 1.13 ± 0.12 aA 1.18 ± 0.05 aA 0.93 ± 0.09 aA 0.96 ± 0.04 aA

90 s 1.12 ± 0.02 aA 1.22 ± 0.02 aA 0.96 ± 0.52 aA 1.16 ± 0.18 aA

10
30 s 0.91 ± 0.04 aA 0.94 ± 0.01 aA 0.87 ± 0.01 aA 0.75 ± 0.06 bA

60 s 0.99 ± 0.05 aA 0.90 ± 0.08 aA 0.93 ± 0.04 aA 0.60 ± 0.02 bA

90 s 0.97 ± 0.02 aA 1.02 ± 0.02 aA 0.91 ± 0.60 aA 0.71 ± 0.54 bA

H2O2
6 30 s 11.78 ± 0.73 a 17.84 ± 0.44 a 21.16 ± 0.70 a 18.03 ± 0.71 a

60 s 14.95 ± 1.02 a 17.52 ± 0.70 a 20.83 ± 0.68 a 18.27 ± 0.75 a

90 s 11.42 ± 0.77 a 16.73 ± 0.25 a 20.22 ± 0.86 a 17.49 ± 0.39 a

10 30 s 2.96 ± 0.03 b 2.91 ± 0.06 b 2.89 ± 0.11 b 1.88 ± 0.15 b

60 s 2.76 ± 0.01 b 2.89 ± 0.08 b 3.06 ± 0.07 b 1.91 ± 0.49 b

90 s 2.72 ± 0.04 b 2.78 ± 0.07 b 2.75 ± 0.17 b 1.65 ± 0.14 b

Data are presented as average ± STD. Average in the same column for the same testing with different lower-case
letters are significantly different (p < 0.05). Average in the same row with different upper-case letters are significantly
different (p < 0.05).

Table 7. The concentrations of nitrate (NO3
−) and nitrite (NO2

−) of the PAW generated by two plasma
jets at 6 or 10 slm with different treatment times and water volumes.

slm Time/Volume 250 mL 500 mL 750 mL 1000 mL

NO3
−

6
30 s 5.20 ± 0.60 bA 4.56 ± 0.20 bB 4.60 ± 1.25 aB 5.01 ± 0.17 aAB

60 s 4.96 ± 0.68 bA 4.53 ± 0.37 aA 4.46 ± 0.21 cA 4.71 ± 0.11 aA

90 s 7.26 ± 0.61 aA 6.70 ± 0.05 bA 6.06 ± 0.20 bB 4.70 ± 0.25 aC

10
30 s 5.46 ± 0.40 bB 5.70 ± 0.10 aB 6.53 ± 0.05 bA 4.70 ± 0.30 bC

60 s 5.40 ± 0.36 bA 5.90 ± 0.34 aA 5.33 ± 0.15 cA 5.56 ± 0.15 aA

90 s 9.66 ± 0.72 aA 5.63 ± 0.10 aB 8.10 ± 0.23 aA 5.93 ± 0.26 aB

NO2
−

6 30 s 40.5 ± 0.70 aB 43.5 ± 0.90 aB 49.5 ± 0.40 aA 55.5 ± 0.37 aA

60 s 42.5 ± 0.60 aB 44.5 ± 0.50 aB 50.5 ± 1.53 aA 53.0 ± 0.80 aA

90 s 40.0 ± 0.24 aB 43.5 ± 1.06 aB 46.5 ± 1.76 aB 54.5 ± 0.35 aA

10 30 s 34.1 ± 1.41 bB 31.5 ± 0.32 bB 44.5 ± 0.40 bA 47.5 ± 0.30 bA

60 s 35.5 ± 0.60 bB 31.0 ± 1.41 bB 44.0 ± 1.41 bA 46.5 ± 0.70 bA

90 s 35.4 ± 0.10 bB 36.0 ± 0.35 bB 45.0 ± 1.10 bA 48.0 ± 0.51 bA

Data are presented as average ± STD. Average in the same column for the same testing with different lower-case
letters are significantly different (p < 0.05). Average in the same row with different upper-case letters are significantly
different (p < 0.05).

3.4. The Optical Characteristics of Plasma and the Reactive Oxygen Species (ROS) in PAW

The spectrum of the plasma jet in the PAW was from 190 to 460 nm. Most of the spectrum was
located in the wavelength range of ultraviolet light (UV) (91.25%). Further examination showed UVA
(320 nm–400 nm) and UVB (275-320 nm) were the major parts (66.6%). The shorter wavelength UVC
(100–275 nm) that possesses higher antibacterial ability was the minor part (25.19%) (Figure 2).

Compared with the water control, several higher absorbance peaks, from between 810 to 1040 G,
were observed in the PAW. These results indicate the existence of unpaired electrons in the PAW, which
were predominantly generated by the activation of plasma in the water (Figure 3).
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Figure 2. Space-integrated optical spectra of the plasma for water activation.

Figure 3. Cont.
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Figure 3. Electron paramagnetic resonance (EPR) of the plasma-activated water (PAW) in 1000 mL.

3.5. The Observation of Scanning Electronic Microscope (SEM)

After PAW treatment, most Salmonella cells on the egg surface were much larger than the cells on
the untreated eggs. In addition, some bacterial cells were even ruptured (Figure 4).

(a) (b) (c) 

Figure 4. SEM observation of the inoculated eggshells (×16,000 magnification): (a) Unwashed, (b) PAW
60 s, (c) PAW 90 s.

4. Discussion

Increasing the water volume is an essential step for practical use of PAW. In this study, the water
volume increased to 1 L which was larger than most studies using PAW to inactivate foodborne
pathogens on foods [15,20–23]. Among the reports that used 1 L of water, Han et al. (2020) used
two plasma jets in 1 L of distilled water for 20 min, then treated Korean rice cakes for 20 min [14].
Choi et al. (2019) used a device containing 12 pins of discharged plasma over the surface of 1 L of
distilled water for 30, 60, and 120 min, then treated cabbages for 10 min [16]. Lastly, Liu et al. (2020)
submerged 28 acting plasma jets in 1 L of distilled water for 10 min, then treated fresh-cut apples for
5 min [24]. In this study, two plasma jets were used to activate 1 L of PAW that was able to inactivate
more than 3 log SE on egg surfaces after 60 s treatment. The number of plasma jets used was less,
and the sample treatment time was also shorter than previous studies at the same water volume. Thus,
the use of electrical energy in this study was more efficient.

Several PAW studies combined PAW treatment with mild heat (50–60 ◦C) to enhance antibacterial
activity. In the study on cabbages [16], treatment with the PAW activated under 120 min (PAW-120)
for 10 min was able to reduce 2.0, 2.2, 1.8, and 0.9 log for mesophilic bacteria, lactic acid bacteria,
yeast and mold, and coliform, respectively. Subsequent treatment in distilled water at 60 ◦C for 5 min
resulted in greater pathogen reduction. When the cabbage was inoculated with L. monocytogenes and
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Staphylococcus aureus, 3.4 and 3.7 log reduction was obtained, respectively, after the combined treatment
of PAW-120 and 60 ◦C water. Xiang et al. (2020) applied 30 mL of APW at 50–55 ◦C for 30 min to
treat grapes and obtained more than 5 log reduction of Saccharomyces cerevisiae. During this research,
the PAW temperature raised naturally to 40–42 ◦C for all treatments. Thus, the treatment temperatures
of this study were lower than the previous studies, in which 50–60 ◦C [16] and 50–55 ◦C [21] were used
for treating cabbage and grapes, respectively. The PAW temperature was mainly affected by the type
of plasma, number of plasma jets, and treatment time. Generally, the temperature was lower when
using noble gas, such as argon, instead of regular air [9]. Longer treatment time and a higher number
of plasma jets induced higher temperatures [15,17]. In this study, the temperature of smaller-volume
PAW (250 mL) was slightly higher than large-volume PAW (1000 mL). However, the temperature
difference was not significant, and all were within the range of 40–42 ◦C. Unlike many other food items,
the temperature of the egg washing solution must be higher than the temperature of the egg surface to
prevent the infiltration of surface bacteria into the egg [25]. Therefore, the PAW temperature used in
this research was in the same temperature range used in commercial egg washing. The RO water used
in the controls were also raised to the same temperature as the PAW. The RO control groups obtained a
SE reduction of around 1 log when washed at 40–42 ◦C. In a preliminary study, the same amount of SE
reduction was achieved when 25–28 ◦C RO water was used. Thus, the SE reduction obtained from
PAW treatments was caused by the PAW, and not the elevated temperature at 40–42 ◦C.

The main mechanisms of PAW to inactivate microorganisms were reported to be the creation
of reactive oxygen species (ROS), reactive nitrogen species (RNS), and UV light [26]. In this study,
the existence of ROS was detected by EPR. The photo spectrum showed that the majority of the
light generated by the plasma was within the range of UV light. It has been reported that the UV
light generated from the acting plasma under water contributed to the bacterial inactivation [27].
The ROS generated during the PAW activation was also confirmed by previous studies [19]. Moreover,
Wu et al. (2017) demonstrated that adding H2O2 simultaneously enhanced the bactericidal activity
and the intensity of the magnetic field, which provided a direct connection between the existence of
ROS and the bactericidal ability of PAW [19]. In our study, the EPR results also showed that higher
intensity was obtained from 60 and 90 s of treatment time compared to 30 s, which corresponded with
the antibacterial results. The majority of ROS are hydrogen peroxide (H2O2) and oxygen molecules
containing unpaired electrons, such as atomic oxygen (O), ozone (O3), superoxide (O2

−), hydroxyl
radicals (OH•), and singlet oxygen (1O2). Nitrate and nitrile were the major products of the reaction
between RNS and these active oxygen molecules [28]. The production of these substances result in
the increase of ORP and the decrease of pH [28,29]. Thus, ORP and pH values were used in many
studies [17,19,28,30] to monitor the antibacterial activity of PAW, including our previous study [15].
In this study, the increase of ORP values and decrease of pH values became less as more water was
added in PAW activated by one plasma jet. In contrast, the ORP and pH values were not significantly
different between various water volumes in the PAW activated by two plasma jets. These results
corresponded with the efficacy of SE reduction. When the PAW was activated with two jets in 1 L
of water at 6 or 10 slm, the higher air flow rate not only diminished the ORP values, but also the
O3, H2O2, and NO2

− concentrations, particularly the H2O2 concentrations. Our results also showed
the reductions of SE populations were less when PAW was activated at 10 slm than 6 slm. Thus,
the concentrations of O3, H2O2, and NO2

− were related with the bactericidal activity of PAW, which
was also shown in previous studies [17,19,31,32]. Though NO3

− concentrations slightly increased at
10 slm, its concentrations were far less than the NO2

− concentrations.
SEM observation also revealed that the inoculated SE cells inflated, or even erupted. The possible

reason for this could be that the cell membrane lost the ability to maintain osmotic balance, which
resulted in the extracellular water infiltrating into the cell continuously. Several reports have described
that the impairment of the cell membrane was the major antibacterial mechanism of PAW and resulted
in higher permeability, which caused the leakage of intracellular substances [13,33]. However, this study
was the first one to demonstrate the enlargement of the treated bacterial cells after PAW treatment.
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Since the main components of the cell membrane are phospholipids, the UV light, ROS, and the acidic
substances generated by PAW were all able to injure phospholipids and cause the loss of the cell
membrane’s permeability control [13,33]. Besides the impairment of the cell membrane, damage to
bacterial DNA and their metabolism were also reported [9,32,34].

The results of this study demonstrate that a large-scale PAW generation system is achievable,
and provide a foundation for future practical use, in which a larger and faster production of PAW is
essential. In addition, the antibacterial efficacy of PAW obtained in this study was greater than the
study using sodium chlorine and chlorine dioxide [35]. Furthermore, it offered a direct correlation
between the PAW products described previously and its antibacterial capacity, which also presented a
clearer road map to understanding the antibacterial mechanisms of PAW.

5. Conclusions

A patented air plasma jet system was used to generate 1 L of PAW under various conditions to
inactivate SE on egg surfaces. The results showed that using two plasma jets at 6 slm was the optimal
condition. The values of ORP and pH were related with the antibacterial efficacy. The products
generated during PAW activation, such as UV light, unpaired oxygen electrons, O3, H2O2, nitrile,
and nitrate were detected. Furthermore, the relationship between the quantitative amount of these
products and the antibacterial efficacy of PAW was demonstrated. The observation under SEM
revealed SE cells were inflated, which was mainly caused by the loss permeability of the cytomembrane.
The results of this study indicated that air-generated PAW could be a practical option to clean and
disinfect shell eggs. More evidence regarding the connection between the PAW products and PAW’s
antibacterial activity was also provided.
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Abstract: Turmeric (Curcuma longa L.) is known for its health benefits. Several previous studies
revealed that curcumin, the main active compound in turmeric, has antioxidant capacity. It has been
previously demonstrated that puffing, the physical processing using high heat and pressure, of turmeric
increases the antioxidant and anti-inflammatory activities by increasing phenolic compounds in
the extract. The current study sought to determine if high hydrostatic pressure extraction (HHPE),
a non-thermal extraction at over 100 MPa, aids in the chemical changes and antioxidant functioning of
turmeric. 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), and ferric reducing antioxidant power (FRAP) analyses were conducted and assessed
the content of total phenol compounds in the extract. The chemical changes of curcuminoids were
also determined by high performance liquid chromatography (HPLC). Among the three variables
of ethanol concentration, pressure level, and treatment time, ethanol concentration was the most
influential factor for the HHPE of turmeric. HHPE at 400 MPa for 20 min with 70% EtOH was the
optimal extraction condition for the highest antioxidant activity. Compositional analysis revealed that
2-methoxy-4-vinylphenol was produced by puffing. Vanillic acid and ferulic acid content increased
with increasing HHPE time. Synergistic effect was not observed on antioxidant activity when the
turmeric was sequentially processed using puffing and HHPE.

Keywords: turmeric; curcumin; puffing; high hydrostatic pressure; antioxidant

1. Introduction

Turmeric (Curcuma longa L.) has been used widely as a spice, but its applications are limited due
to its pungent flavor [? ]. Many traditional medicines have utilized turmeric as a beneficial ingredient,
and recent studies identified the major functional components, which are curcuminoids, essential
oils, fixed oils, and various volatile oils including turmerone, alantone, and zingiberone [? ]. Among
these bioactive components, curcuminoids and their derivatives have been thoroughly investigated
and reported to have anticancer, antibacterial, antioxidant, and anti-inflammatory properties [? ].
Curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl-1,6-hepatadiene-3,5-dione), the major curcuminoid
component, is a yellowish polyphenolic compound and has been used in many drugs and foods [? ].
Curcuminoid degradation products, i.e., ferulic acid, vanillic acid, and vanillin, are also present in
turmeric and have demonstrated antioxidant activity [? ? ].

Foods 2020, 9, 1690; doi:10.3390/foods9111690 www.mdpi.com/journal/foods
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Various extraction methods, such as high hydrostatic pressure extraction (HHPE), microwave
extraction (ME), supercritical fluid extraction (SFE), ultrasound, pulsed electric field (PEF), moderate
electric field (MEF), etc., have been developed to enhance the yield or efficacy of bioactive components [?
]. The application of supercritical carbon dioxide extraction on turmeric was optimized and turmerone
was determined to be the major component [? ]. In the case of supercritical carbon dioxide extraction
of turmeric, high pressure (20–40 MPa) and low temperature (313–333 K) were the best extraction
conditions for turmerone. Dandekar and Gaikar also reported a novel hydrotropy-based extraction
method for selective extraction of curcuminoids from turmeric [? ]. It was demonstrated that
application of pressurized liquids at 10 MPa is an economic method for augmented extraction of
curcuminoids [? ]. Puffing, a simple processing method, was recently applied to turmeric resulting
in increased antioxidant capacity in vitro [? ]. Puffing uses relatively high heat and pressure and
reportedly allows for increased antioxidant activity of natural resources, such as doraji, cacao beans,
coffee beans, turmeric, and ginseng [? ? ? ? ? ? ? ? ? ]. In addition, the Maillard reaction during
the puffing process imparts a unique flavor by producing volatile substances, such as formic acid,
acetaldehyde, formaldehyde, and glyoxal acid [? ].

Among recent advances in food processing methods, high hydrostatic pressure (HHP) treatment
is a non-thermal pasteurization method that uses pressure over 100 MPa [? ? ? ? ]. HHPE is an effective
method for extraction of heat sensitive materials. HHPE increases the yields and mass transfer rates of
herbal products by cell wall breakdown as compared to the conventional extraction methods such as
soxhlet, heat reflux, ultrasonic, microwave, and supercritical CO2 extractions [? ? ? ? ? ].

While a significant number of papers has indicated the beneficial roles of turmeric in health as
well as its active components of curcuminoids, its applications in processed foods are limited due
to its insolubility in water resulting in low bioavailability and bioaccessibility [? ? ? ? ? ]. In this
regard, many approaches, including nano-particlization, encapsulation, emulsion formation, and
bioconversion, to enhance the biofunctions of turmeric have been reported [? ? ? ? ]. Since there is no
report on the HHPE of turmeric, this study investigated the best HHPE conditions for extraction of
turmeric to maximize the antioxidant activity. In addition, the combinational effect of puffing and
HHPE on antioxidant activity and bioactive compounds of turmeric was also investigated.

2. Materials and Methods

2.1. Materials and Chemicals

Dried turmeric (moisture content 15.7± 0.1%, crude fat 6.4± 0.1, crude protein 7.7± 0.1, ash 6.5± 0.4)
was kindly donated from Bibong Herb (Yangju-si, Korea) and kept in a deep freezer before use.
Fermented ethanol, an extraction solvent, was provided by ethanol Supplies World Co. (Jeonju-si, Korea).
Methyl alcohol, sodium carbonate, sodium hydroxide, and hydrochloric acid were purchased from
Daejung Chemicals & Metals Co. (Siheung-si, Korea). Folin-Ciocalteu’s phenol reagent, 2,2′-azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2′-azobis (2-amidino-propane)
dihydrochloride (AAPH), 1,1-diphenyl-2-picrylhydrazyl (DPPH), gallic acid, catechin, ascorbic acid,
HPLC analytical standard curcumin, demethoxycurcumin, bis-demethoxycurcumin, ferulic acid, and
2-Methoxy-4-vinylphenol were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Aluminum
chloride and sodium nitrite were purchased from Junsei Chemical Co., LTD (Tokyo, Japan). HPLC
grade water, acetonitrile, and methanol were purchased from Honeywell Burdick & Jackson Inc.
(Charlotte, NC, USA).

2.2. HHPE

HHPE was carried out using a high hydrostatic pressure unit (Suflux, Ilshin Autoclave Co.,
Daejeon, Korea). Extraction pressure, treatment time, and ethanol concentration were considered as the
variable factors in this experiment according to Lee et al. [? ]. Ground turmeric (5 g) and solvent (100
mL) were placed into a plastic pouch and hermetically heat-sealed. Following an application of high
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hydrostatic pressure at a specific condition, the solutions were vacuum filtered by using Whatman no.
2 filter paper (Cytiva, Marlborough, MA, USA) on a funnel and Kimble-filtering flask. The filtrate was
subsequently stored at −20 ◦C for further experiments. It has been reported that pressure level and
treatment time did not have a big impact on the HHPE of puffed ginseng [? ]. Therefore, we wanted
to confirm whether pressure level and treatment time had an impact on the HHPE of turmeric. In
order to determine the best HHPE conditions for the highest antioxidant activity of turmeric, pressure,
treatment time, and ethanol concentration were varied. First, pressure was varied (0.1 (atmospheric),
100, 250, 400, 550 MPa) with fixed treatment time (15 min) and ethanol concentration (70% ethanol) [? ?

]. Second, treatment time was varied (5, 10, 15, 20, 30 min) with the best fixed pressure as previously
determined (400 MPa) and ethanol concentration (70% ethanol). Last, ethanol concentration was varied
(0, 20, 40, 70, 95% v/v) with the previously determined best pressure (400 MPa) and treatment time (20
min). Consequently, the best HHPE conditions were applied for the combinational effect of puffing
and HHPE.

2.3. Combination of HHPE and Puffing

Puffing of turmeric was carried out at 980 kPa as previously reported [? ]. Briefly, 150 g of sliced
and dried turmeric was mixed with 600 g of rice (1:4 w/w), which served as an excessive carbonization
preventer at a high temperature and a heat-transfer medium [? ? ? ]. The mixture was placed in a
rotary gun puffing machine chamber and subjected to an incremental increase of internal pressure
to 980 kPa by heating with a gas burner. Subsequently, puffing of the mixture was induced with
a sudden pressure release by opening of the chamber door. The puffed turmeric was ground and
HHPE was applied at 400 MPa for 20 min using a 70% ethanol concentration. The non-puffed with no
HHPE sample was considered as the control sample. For extraction of non-puffed (control) and puffed
turmeric, ground samples (5 g) in a 70% ethanol solvent (200 mL) were agitated by a magnet stirrer for
30 min at room temperature.

2.4. Extraction Yield

The extract was dried at 105 ◦C using a drying oven (HB-502M, HanBeak Scientific Co., Bucheon,
Korea), and the extraction yield was determined by the following Equation (1) [? ]:

Extraction yield (%) =
(w2 −w1)

A
× E

E′ × 100 (1)

where,

A =Weight of used sample (g)
E = Total volume of extract (mL)
E’ = Used volume of extract to be dried (mL)
w1 = Initial weight of aluminum dish (g)
w2 =Weight of aluminum dish and dried sample (g)

2.5. Radical-Scavenging and Ferric-Reducing Activities

Antioxidant activity of all turmeric extracts (ground turmeric, HHPE turmeric, puffed turmeric,
puffed and HHPE turmeric) was determined using three different methods. In order to assess the
radical scavenging activity, DPPH and ABTS radical scavenging activity were carried out. A FRAP
assay was performed to determine the ferric-reducing activity. Ascorbic acid served as a standard,
and the antioxidant activity of the extracts were determined in the unit of mg vitamin C equivalent
(VCE)/g dried turmeric [? ]. The radical scavenging and ferric-reducing activities of each extract were
measured in a 96-well plate using a microplate reader (Bio-Rad, Hercules, CA, USA).

Specifically, the DPPH radical scavenging activity of the extracts was determined using the method
of Brand-Williams, Cuvelier and Berset [? ]. Briefly, 0.1 mM DPPH solution was prepared using DPPH
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and 80% methanol followed by a normalization at an absorbance of 0.650 ± 0.020 at 517 nm. Extract
(0.05 mL) was added to 2.95 mL of the DPPH solution and reacted at room temperature for 30 min.
The absorbance at 517 nm subtracted from a blank was determined.

The ABTS radical scavenging activity of the extracts was determined by the method of
Van den Berg et al. [? ]. A phosphate buffer saline solution of AAPH (1.0 mM) was reacted with ABTS
(2.5 mM) for 30 min at 70 ◦C. Subsequently, the reaction solution was filtrated through a 0.45 μm
syringe filter followed by an adjustment of an absorbance to 0.650 ± 0.020 at 517 nm. ABTS reagent
(980 μL) was applied to 20 μL of extract and reacted at 37 ◦C for 10 min. The absorbance at 517 nm
subtracted from a blank was determined.

A FRAP assay was performed according to the method of Benzie and Strain [? ]. Briefly, 300 mM
acetate buffer (pH 3.6), made with 3.1 g C2H3NaO2·3H2O with 16 mL C2H4O2 and 10 mM TPTZ
(2,4,6- tripyridyl-s-triazine) solution in 40 mM HCl, and 20 mM FeCl3·6H2O solution was prepared and
stocked. A fresh working solution of acetate buffer (25 mL), TPTZ solution (2.5 mL), and FeCl3·6H2O
solution (2.5 mL) was stored at 37 ◦C until application of 2850 mL FRAP solution to 150 mL of extract.
The mixture was reacted for 30 min in a dark condition, and the colorimetric changes by the ferrous
tripyridyltriazine complex was determined at 593 nm.

2.6. Total Polyphenol Content (TPC)

Total polyphenol content (TPC) of all turmeric extracts (ground turmeric, HHPE turmeric, puffed
turmeric, puffed and HHPE turmeric) was determined using Folin and Ciocalteu’s assay [? ]. The extract
(200 μL), distilled water (2.6 mL), and Folin-Ciocalteu solution (200 μL) were left to react for 6 min.
After 6 min, 2 mL of Na2CO3 was added and absorbance was measured at 750 nm after another 90 min.
Gallic acid was employed as the standard and results were expressed as mg gallic acid equivalents
(GAE)/g dried turmeric.

2.7. Quantitative Analysis of Bioactive Compounds by HPLC

Bioactive compounds in the extracts, i.e., curcumin (CUR), demethoxycurcumin (DMC),
bis-demethoxycurcumin (BDMD), ferulic acid (FA), 4-vinyl guaiacol (4VG), vanillin (VN), and vanillic
aicd (VA), were quantitatively determined by using an HPLC method [? ]. In brief, 10 μL of extract,
filtered through a 0.45 μm Millipore filter, was analyzed using the Agilent 1260 Infinity II HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a Zorbax SB-C18 column (4.6 × 250 mm,
5 μm, Agilent Technologies, Santa Clara, CA, USA), monitored at 260 nm. The mobile phase was
run at 1 mL/min with the following differential gradient of 0.4% acetic acid in deionized water (A)
and acetonitrile (B): 0–30 min, 92–9% A; 30–39 min, 9–0% A; 39–44 min, 0% A; 44–47 min, 0–92% A;
47–50 min, 92% A. The standard molecules of the curcuminoids, as well as their degradation products,
were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA), whose calibration curves served for the
identification and quantification of the bioactive molecules in the extracts.

2.8. Statistical Analysis

Data are representative of three repeated experiments with three replicates. All experimental data
were analyzed using one-way analysis of variance (ANOVA) and are expressed as the mean ± standard
deviation (SD). Duncan’s multiple range test was conducted to assess significant differences among
experimental mean values for extraction yield, antioxidant capacity, and total phenolic content using
SAS software (version 8.2, SAS Institute, Inc., Cary, NC, USA). Tukey’s post-hoc multiple comparisons
test was applied to the HPLC analyses using GraphPad Prism software (version 5, La Jolla, CA, USA).
For all statistical analyses, (p < 0.05) was considered statistically significant.
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3. Results

3.1. High Hydrostatic Pressure Extraction (HHPE) Yield

The effects of various HHPE parameters, i.e., pressure, time, and ethanol concentration,
on extraction yield of ground turmeric are shown in (Table ??). Pressure did not have a positive
impact on extraction yield in this case. Moreover, a slight decrease of extraction yield was observed
with increasing pressure level. Extraction time also exhibited only a small impact on extraction yield.
A slight increase in extraction yield was observed with increasing extraction time. On the other hand,
ethanol concentration greatly influenced the extraction yield of the HHPE of turmeric. The highest
extraction yield was observed with 0% ethanol in the solution, while a 95% ethanol solution exhibited
about an 87% reduced extraction yield. It has been reported that extraction yield was greatly influenced
by ethanol concentration in puffed ginseng [? ]. Those authors reported that extraction yield decreased
with increasing ethanol concentration because water soluble polymers are efficiently extracted in polar
solvent conditions.

Table 1. High hydrostatic pressure extraction (HHPE) yield of ground turmeric.

Pressure (MPa)
Extraction Yield

(%)
Time
(min)

Extraction
Yield (%)

Ethanol
Concentration

(%)

Extraction
Yield (%)

0.1 10.77 ± 0.24 a,* 5 8.46 ± 0.38 b 0 20.04 ± 0.82 a

100 10.60 ± 0.30 a 10 9.99 ± 0.54 a 20 17.24 ± 0.37 b

250 10.55 ± 0.27 a 15 10.23 ± 0.24 a 40 16.85 ± 0.40 b

400 10.23 ± 0.24 b 20 10.60 ± 0.71 a 70 10.60 ± 0.71 d

550 10.12 ± 0.22 b 30 10.77 ± 0.75 a 95 2.52 ± 0.01 e

* Values with the same letters in the same column are not significantly different (p < 0.05).

3.2. Factors Affecting Antioxidant Activity and Total Phenolic Content of HHPE of Ground Turmeric

3.2.1. Effect of Pressure

The effects of HHPE variables, i.e., pressure, extraction time, and ethanol concentration,
on antioxidant activity of the extracts were investigated (Figure ??). Pressure demonstrated very minor
effects (Figure ??A): Only a slight increment of antioxidant activities of turmeric was observed in
extracts at 400 MPa (DPPH, ABTS, and FRAP values at 7.35 ± 0.30, 13.82 ± 0.82, and 7.61 ± 0.21 mg
VCE/g dried turmeric, respectively) as compared to 0.1 MPa atmospheric extraction (6.61 ± 0.26,
11.76 ± 1.01, and 7.17 ± 0.23 mg VCE/g dried turmeric, respectively) (Figure ??A). Total phenolic
content (TPC) was not affected by the pressure level.

3.2.2. Effect of Extraction Time

Antioxidant activities and TPC were analyzed in the HHPE at various extraction times (5−30 min)
at 400 MPa using a 70% ethanol solvent. Following a 15 min extraction, DPPH, ABTS, and FRAP
significantly increased to 7.35± 0.30, 13.82± 0.82, and 7.61± 0.21 mg VCE/g dried turmeric, respectively,
as compared to a 5 min extraction (6.97 ± 0.52, 12.80 ± 0.73, and 7.27 ± 0.37 mg VCE/g dried turmeric,
respectively). Further extension of extraction time reached the maximal increment of all antioxidant
activities in the HHPE turmeric at 20 min (p < 0.05) (Figure ??B). TPC also significantly increased to its
maximum in a 20 min as compared to a 5 min extraction (6.12 ± 0.10 vs. 5.62 ± 0.49 mg gallic acid
equivalents (GAE)/g dried turmeric, respectively) (p < 0.05).
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(A) 

 
(B) 

 
(C) 

Figure 1. Effects of pressure (A), extraction time (B), and ethanol concentration (C) on antioxidant
activities and total phenolic contents (TPC) of the HHPE turmeric. Same letters in each group indicates
that they are not statistically different at p < 0.05.
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3.2.3. Effect of Ethanol Concentration

Ethanol concentration greatly influenced the antioxidant activity of HHPE turmeric (Figure ??C).
All antioxidant activities increased with increasing ethanol concentration up to 70% (p < 0.05) at which
the maximal effects were observed (DPPH 7.45± 0.17, ABTS 13.85± 0.49, and FRAP 7.77± 0.13 mg VCE/g
dried turmeric, respectively). TPC also significantly increased with increasing ethanol concentration
giving 6.57 ± 0.37 mg GAE/g dried turmeric in 95% ethanol up from 1.19 ± 0.11 mg GAE/g dried
turmeric in 0% ethanol water.

3.3. HPLC Analysis of HHPE of Ground Turmeric

The bioactive compounds in the HHPE turmeric were analyzed using HPLC (Table ??). Curcumin
(CUR), demethoxycurcumin (DMC), and bis-demethoxycurcumin (BDMC) were determined to be the
major curcuminoids in turmeric extract, and their degradation products, ferulic acid (FA), vanillin
(VN), and vanillic acid (VA) [? ], were also found in the HHPE turmeric. Pressure level did not greatly
influence the amount of the bioactive compounds of HHPE turmeric even though a slight but significant
decrement of FA and VN was observed (Table ??). In contrast, extraction time significantly influenced
the composition of bioactive compounds in the HHPE turmeric. The amount of curcuminoids decreased
and the amount of the minor bioactive compounds (VA and FA) increased with increasing extraction
time. Ethanol concentration also greatly influenced the composition of bioactive compounds in the
HHPE turmeric. CUR content dramatically increased with increasing ethanol concentration from 5.31
(0% ethanol) to 407.65 μg/ g dried turmeric (70% ethanol). Additionally, DMC and BDMC were not
detected in up to 20% and 40% ethanol concentrations, respectively.

Table 2. Effects of pressure, extraction time, and ethanol concentration on bioactive compounds (μg/g
dried turmeric) in the HHPE turmeric analyzed by HPLC.

Pressure VA ** VN FA 4VG BDMC DMC CUR

0.1 MPa 3.46 ± 0.32 a,* 32.12 ± 2.85 a 20.46 ± 0.44 a N/D *** 23.29 ± 0.12 b,c 100.91 ± 1.72 a 399.96 ± 2.49 a

100 MPa 2.67 ± 0.40 b,c 28.96 ± 0.89 b 19.05 ± 0.21 a,b N/D 21.87 ± 0.22 c 95.44 ± 3.19 a 395.65 ± 5.07 a

250 MPa 2.40 ± 0.28 b,c 28.16 ± 0.46 b 18.50 ± 0.18 b N/D 20.85 ± 0.58 d 98.24 ± 1.56 a 396.81 ± 5.39 a

400 MPa 2.23 ± 0.18 c 19.87 ± 1.04 c 16.26 ± 0.52 c N/D 24.70 ± 0.25 a,b 95.65 ± 2.64 a 390.72 ± 1.97 a

550 MPa 3.04 ± 0.45 a,b 17.79 ± 0.30 c 14.52 ± 0.38 d N/D 25.89 ± 0.28 a 95.97 ± 0.75 a 399.57 ± 3.79 a

Extraction Time

5 min 1.86 ± 0.00 d 13.71 ± 0.11 d 21.82 ± 1.05 a N/D 29.37 ± 0.04 a 126.6 ± 0.21 a 438.83 ± 1.14 a

10 min 2.94 ± 0.21 b,c 13.64 ± 0.77 d 20.27 ± 2.55 b N/D 25.73 ± 0.75 a 115.7 ± 2.60 b 400.32 ± 8.23
b,c

15 min 2.23 ± 0.18 c,d 19.87 ± 1.04 c 16.26 ± 0.52 c N/D 24.70 ± 0.25 a 95.65 ± 2.64 c 390.72 ± 1.97
b,c

20 min 3.51 ± 0.65 a,b 28.02 ± 2.36 b 20.36 ± 1.04 b N/D 24.40 ± 2.35 a 100.1 ± 2.03 c 407.65 ± 2.63 b

30 min 4.20 ± 0.93 a 30.92 ± 1.06 a 19.47 ± 1.01 b N/D 23.66 ± 2.49 a 100.9 ± 1.21 c 408.51 ± 3.26 b

EtOH
Concentration

0% 7.23 ± 0.43 a 19.49 ± 2.69 b N/D N/D N/D N/D 5.31 ± 0.06 d

20% 4.31 ± 0.27 b 20.23 ± 1.43 b N/D N/D N/D N/D 9.65 ± 0.05 d

40% 4.37 ± 1.40 b 20.96 ± 0.84 b 1.25 ± 0.14 c N/D N/D 4.12 ± 0.11 b 110.74 ± 3.98 c

70% 3.51 ± 0.65 c 28.02 ± 2.36 a 20.36 ± 1.04 a N/D 24.40 ± 2.35 a 100.12 ± 2.03 a 407.65 ± 2.63 a

95% N/D 20.64 ± 0.10 b 26.96 ± 0.68 a N/D 22.29 ± 0.38 a 94.50 ± 1.44 a 389.67 ± 5.57 a

* Values designated by different letters (a–d) are statistically different at p< 0.05 within the column. ** VA, vanillic acid;
VN, vanillin; FA, ferulic acid; 4VG, 4–vinyl guaiacol; BDMC, bisdemethoxycurcumin; DMC, demethoxycurcumin;
CUR, curcumin. *** N/D, not detected.

3.4. Combinatory Effect of Puffing and HHPE on Turmeric

Following the investigation on the optimal conditions for HHPE turmeric, which were determined
to be at 400 MPa for 20 min using 70% ethanol, the combinatory effect of puffing at 980 kPa and HHPE
on turmeric was determined by assessing extraction yield, antioxidant activity, TPC, and the bioactive
compounds profile. Neither puffing nor HHPE alone showed any effect in the extraction yield of
puffed and HHPE turmeric (Table ??). Puffing of turmeric followed by HHPE, however, demonstrated
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significantly increased extraction yield to 11.53% as compared to non-puffed turmeric extracted at
atmospheric pressure (0.1 MPa) (p < 0.05).

Table 3. Effect of the combination of puffing and HHPE on extraction yield of turmeric.

Treatment Extraction Yield (%)

Control 10.77 ± 0.24 b,*
HHPE 10.60 ± 0.71 b

Puffing 10.84 ± 0.94 b

Puffing + HHPE 11.53 ± 0.73 a

* Values designated by different letters (a,b) are statistically different at p < 0.05 within the column.

On the other hand, puffing and HHPE did not show any synergistic effect on antioxidant activity
and TPC (Figure ??). Puffing showed the highest antioxidant activity (11.89, 21.24, 12.98 mg VCE/g
dried turmeric in DPPH, ABTS, and FRAP, respectively) and TPC at 13.49 mg GAE/g dried turmeric,
and puffing followed by HHPE showed slightly lower antioxidant activity (11.58, 21.04, 12.75 mg
VCE/g dried turmeric in DPPH, ABTS, FRAP, respectively) and TPC at 12.58 mg GAE/g dried turmeric.
Consequently, the combination of puffing and HHPE is not beneficial to antioxidant activity and total
phenolic content compared to the single treatment of puffing. Overall, puffing is the best way to
increase the antioxidant activity and TPC of turmeric.

Figure 2. Combination effect of puffing and HHPE on antioxidant activities and total phenolic contents
(TPC) of turmeric. Same letters in each group indicates that they are not statistically different at p < 0.05.

The combinatory effect of puffing and HHPE on bioactive compounds of turmeric was analyzed
using HPLC (Figure ??) and quantitatively analyzed (Table ??). Puffing showed an increase in minor
bioactive compounds and decrease in curcuminoids. 4VG was not observed in non-puffed turmeric,
but detected in all puffed turmeric and increased with HHPE.

Table 4. Effect of the combination of puffing and HHPE on bioactive compounds (g/g dried turmeric)
of turmeric.

Treatment VA ** VN FA 4VG BDMC DMC CUR

Control 3.46 ± 0.32 c,* 32.12 ± 2.85 c 20.46 ± 0.44 a N/D *** 23.29 ± 0.12 a 100.91 ± 1.72 a 399.96 ± 2.49 b

HHPE 3.51 ± 0.65 c 28.02 ± 2.36 d 20.36 ± 1.04 a N/D 24.40 ± 2.35 a 100.12 ± 2.03 a 407.65 ± 2.63 a

Puffing 13.66 ± 0.83 b 79.22 ± 6.00 a 6.07 ± 1.29 b 77.61 ± 5.30 b 10.46 ± 1.32 c 63.58 ± 3.80 c 306.53 ± 18.96 d

Puffing + HHPE 16.25 ± 1.16 a 72.55 ± 1.99 b 5.78 ± 0.42 b 140.00 ± 3.14 a 16.54 ± 1.10 b 70.04 ± 1.29 b 352.41 ± 3.47 c

* Values designated by different letters (a–d) are statistically different at p< 0.05 within the col umn. ** VA, vanillic acid;
VN, vanillin; FA, ferulic acid; 4VG, 4–vinyl guaiacol; BDMC, bisdemethoxycurcumin; DMC, demethoxycurcumin;
CUR, curcumin. *** N/D, not detected.
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4. Discussion

The current study sought to find the best condition of HHPE for the augmentation of turmeric’s
antioxidant properties. In addition, the combination of the puffing process with HHPE, for which the
enhanced antioxidant capacity was clearly demonstrated [? ], was investigated for clarification of any
synergistic and/or additive effects.

The main parameters of turmeric HHPE, i.e., pressure, time, and ethanol concentration, were
investigated. Pressure and extraction time in HHPE have a very marginal influence on the extraction
yield of turmeric. In contrast, HHPE of ginseng powder exhibited improved extraction yield in a
pressure and time dependent manner [? ]. This discrepancy may come from the difference in soluble
components between turmeric vs. ginseng powder. Of interest, ethanol concentration in HHPE greatly
affected the extraction yield and the amount of major bioactive compounds (CUR, DMC, and BDMC)
of turmeric. The hydrophobicity of the major curcuminoids (CUR, DMC, and BDMC) made them
not well solubilized in water. Consequently, BDMC revealed the highest hydrophobicity followed by
DMC and CUR. At 0% ethanol concentration the highest yield was observed, but only a very small
amount of the major curcuminoids was detected, suggesting that most of the extracts from turmeric
are water soluble. Most of the water-soluble components in turmeric, mainly dietary fibers, are not
extracted at higher ethanol concentrations, resulting in a drastic decrease in extraction yield at a 95%
ethanol concentration. Similarly, it has been reported that increased ethanol concentration negatively
affected the extraction yield of red-ginseng [? ] and that the high HHPE yield of ginseng was shown in
a lower ethanol concentration, suggesting that water soluble molecules including starches were the
main components in the extraction process [? ? ].

Extraction pressure and time were also found to have very marginal to no impacts on antioxidant
activity and TPC. This apparent discrepancy may demonstrate the hydrophobicity of the antioxidant
components in turmeric. A significant change in bioactive compounds of turmeric in HHPE was
not observed in this study. High pressure level (550 MPa) and long treatment time (30 min) had
no impact on the HHPE of bioactive compounds. Consequently, the optimal conditions based on
antioxidant activity for the HHPE of non-puffed turmeric were determined to be 400 MPa for 20 min
using 70% ethanol.

HHPE increased the curcuminoids and minor bioactive compounds except FA in puffed turmeric.
This suggests that curcuminoids are degraded to minor bioactive compounds by puffing. At first,
curcuminoids decompose to FA and then the FA degrades further to produce 4VG. Due to the differences
in degradation rates of curcuminoids-to-FA and FA-to-4VG, FA may be continuously accumulated
despite its decomposition to 4VG [? ? ]. It has been reported that curcumin is degraded and transformed
to volatile phenolic compounds such as vanillin, guaiacol, and isoeugenol [? ]. Curcumin may be
further degraded into ferulic acid, 4-vynilguaiacol, vanillic acid, and vanillin in thermal treatment.
The degradation rate of curcumin to ferulic acid may be faster than the degradation rate of ferulic
acid to 4-vynilguaiacol. Finally, degradation to volatile compounds, such as vanillic acid or vanillin,
occurred slowly [? ]. The HPLC analysis in the current study suggests that curcuminoids are highly
insoluble in water, and BDMC has the highest insolubility to water followed by DMC and CUR. In
contrast to the trend seen in curcuminoids, VA content decreased with increasing ethanol concentration,
indicating that VA was more water soluble than ethanol. While previous studies showed an increased
amount of bioactive compounds using HHPE for anthocyanin in grapes, carotenoids in carrot puree,
and lycopene in tomato puree [? ? ], no significant increase in bioactive compounds in HHPE of
ground turmeric was observed in this study. Moreover, intense conditions such as high pressure
level (550 MPa) and long treatment time (30 min) were not necessary for better extraction of bioactive
compounds in HHPE of ground turmeric. This is in line with the results of antioxidant activities of
HHPE in this study and the results of Casquete et al. [? ]. Overall, other bioactive compounds except
VA had the highest amounts in the HHPE using 70% ethanol. Similarly, 60% ethanol extraction for
phenolic compounds in flaxseed, and 70% ethanol extraction for high antioxidant activity in ginseng
have been previously recommended [? ? ]. On the other hand, combination of puffing and HHPE
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showed an increase in extraction yield and bioactive compounds. Assessment of antioxidant capacity
further revealed that puffing is an effective method to increase antioxidant capacity, but HHPE after
puffing did not show any synergistic nor additive impacts in antioxidant capacity. Consequently,
HHPE was found to be a more effective method than conventional extraction in the case of the porous
and weak-structured materials created by puffing.

5. Conclusions

The best HHPE conditions for extraction of turmeric to maximize the antioxidant activity were
investigated. The synergistic effect of puffing and HHPE on antioxidant activity and bioactive
compounds of turmeric was also investigated. Ethanol concentration was the most effective variable
for HHPE of ground turmeric among the three studied variables of ethanol concentration, pressure
level, and treatment time. HHPE of ground turmeric at 400 MPa for 20 min with 70% EtOH was the
best extraction condition for the highest antioxidant activity. Extraction of bioactive compounds in
the HHPE of ground turmeric was also greatly influenced by ethanol concentration, possibly due to
their hydrophilic or hydrophobic characteristics. Although puffing and HHPE showed an increase in
extraction yield and bioactive compounds, a synergistic effect was not observed on antioxidant activity.
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42. Waszkowiak, K.; Gliszczyńska-Świgło, A. Binary ethanol–water solvents affect phenolic profile and
antioxidant capacity of flaxseed extracts. Eur. Food Res. Technol. 2015, 242, 777–786. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

75





Citation: Gaillard, R.; Marciniak, A.;

Brisson, G.; Perreault, V.; House, J.D.;

Pouliot, Y.; Doyen, A. Impact of

Ultra-High Pressure Homogenization

on the Structural Properties of Egg

Yolk Granule. Foods 2022, 11, 512.

https://doi.org/10.3390/foods

11040512

Academic Editors: Asgar Farahnaky,

Mahsa Majzoobi and Mohsen

Gavahian

Received: 16 December 2021

Accepted: 9 February 2022

Published: 10 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

foods

Article

Impact of Ultra-High Pressure Homogenization on the
Structural Properties of Egg Yolk Granule

Romuald Gaillard 1, Alice Marciniak 1, Guillaume Brisson 1, Véronique Perreault 1, James D. House 2,

Yves Pouliot 1 and Alain Doyen 1,*

1 Department of Food Science, Institute of Nutrition and Functional Foods (INAF), Université Laval,
Quebec, QC G1V 0A6, Canada; romuald.gaillard.1@ulaval.ca (R.G.); alice.marciniak.1@ulaval.ca (A.M.);
guillaume.brisson@fsaa.ulaval.ca (G.B.); veronique.perreault.5@ulaval.ca (V.P.);
yves.pouliot@fsaa.ulaval.ca (Y.P.)

2 Department of Food and Human Nutritional Sciences, University of Manitoba,
Winnipeg, MB R3T 2N2, Canada; james.house@umanitoba.ca

* Correspondence: alain.doyen@fsaa.ulaval.ca; Tel.: +1-418-656-2131 (ext. 405454)

Abstract: Ultra-high pressure homogenization (UHPH) is a promising method for destabilizing and
potentially improving the techno-functionality of the egg yolk granule. This study’s objectives were
to determine the impact of pressure level (50, 175 and 300 MPa) and number of passes (1 and 4)
on the physico-chemical and structural properties of egg yolk granule and its subsequent fractions.
UHPH induced restructuration of the granule through the formation of a large protein network,
without impacting the proximate composition and protein profile in a single pass of up to 300 MPa.
In addition, UHPH reduced the particle size distribution up to 175 MPa, to eventually form larger
particles through enhanced protein–protein interactions at 300 MPa. Phosvitin, apovitellenin and
apolipoprotein-B were specifically involved in these interactions. Overall, egg yolk granule remains
highly stable during UHPH treatment. However, more investigations are needed to characterize the
resulting protein network and to evaluate the techno-functional properties of UHPH-treated granule.

Keywords: egg yolk granule; ultra-high pressure homogenization; microstructure; protein aggregation;
proteins

1. Introduction

Hen egg yolk is used in a wide variety of food products as an emulsifier and gelling
agent due to its nutritional and techno-functional properties. It is particularly interesting be-
cause it contains proteins of high biological value, as well as other nutrients (phospholipids,
vitamins, minerals, essential fatty acids) [1]. The protein fraction of egg yolk is composed of
68% low-density lipoproteins (LDLs), 16% high-density lipoproteins (HDLs), 10% globular
proteins (livetins), 4% phosphoprotein (phosvitin), and 2% other minor proteins [2]. After
centrifugation, egg yolk can be fractionated into two fractions called plasma (supernatant)
and granule (pellet). The plasma is mainly composed of LDLs (85%) and livetin (15%),
whereas the granule consists of HDLs (70%), phosvitin (16%) and LDLs (12%). The granule
has interesting nutritional properties related to its low cholesterol (LDLs) content [3–5]
and high 5-methyl-tetrahydro-folate (5-MTHF) concentration, compared to the whole egg
yolk [6]. Ultimately, destabilizing the egg yolk granule could improve the accessibility
of its nutritional and bioactive compounds and eventually improve the digestibility and
functionality of the product [7]. Structurally, the granule consists of a circular structure
formed by non-soluble complexes involving HDL and phosvitin stabilized by phospho-
calcic bridges [8]. The large number of phosphocalcic bridges gives the granule a very
compact and poorly hydrated structure, leading to its high resistance to thermal treatment,
ultrasound and enzymatic hydrolysis [9,10].
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Different strategies have been applied to destabilize the egg yolk granule. Usually,
this involves increasing the ionic strength, which induces the disruption of phosphocal-
cic bridges and improves the granule solubility [7,8]. This high solubility improves the
emulsion stability of the granule compared to the egg yolk and plasma [7]. More recently,
high hydrostatic pressure (HHP) (400 and 600 MPa, for 5 min) applied to the granule was
sufficient to destabilize its structure, probably by disrupting the phosphocalcic bridges
between phosvitin and HDLs [11,12]. After centrifugation of the isostatically pressured
granule, the recovered insoluble fraction was enriched in folic acid and phosvitin. Conse-
quently, the use of high pressure shows great potential to generate new ingredients with
interesting nutritional and functional properties for many industrial applications such as
use as a low-cholesterol emulsifying agent in mayonnaise [11–15].

The ultra-high pressure homogenization (UHPH) system, with higher pressure levels
of up to 400 MPa, is an emerging technology used to modify the structure of food matrices.
Contrary to the isostatic HHP process, UHPH is a dynamic pressure process inducing tur-
bulence, high shear, cavitation, and temperature to help reduce particle size distributions,
allowing emulsion stability to be enhanced [16,17]. UHPH also induced modification of
protein structures through unfolding of the quaternary and tertiary structure, and gener-
ation of inter- and intra-molecular interactions [16,18–20]. However, these modifications
depend on the matrices and pressure parameters applied, such as pressure level, process
temperature and the number of passes. These particular modifications of protein struc-
ture and interactions induced by UHPH were studied to improve the techno-functional
properties of proteins [21,22], such as emulsifying [23–26] and foaming [27–32].

To the best of our knowledge, limited data are available regarding the impact of UHPH
on granule destabilization. Only Sirvente et al. [10] demonstrated that conventional high
pressure homogenization (0.3 to 20 MPa) had little effect on granule destabilization and its
techno-functional properties. Thus, the use of UHPH for the destabilization of the compact
granule structure represents a promising technology for generating a high value-added egg
fraction with interesting functional and nutritional properties for the food industry [28,31].
Consequently, this project aims to study the impact of the pressure level (50, 175 and
300 MPa) and number of passes (1 and 4) on the structural properties of egg yolk granule
and its subsequent fractions (plasma and granule from pressure-treated granule).

2. Materials and Methods

2.1. Preparation of Egg Yolk Granules

Fresh hen eggs were purchased from a local supermarket and stored at 4 ◦C until
preparation according to the protocol described by Naderi et al. [6]. Briefly, fresh hen eggs
were manually broken, and the albumen was discarded. Albumen residues were eliminated
from yolk by absorption on filter paper (Whatman, MA, USA). The vitelline membrane of
yolk was removed with tweezers. Egg yolks were diluted in distilled water (1:1 w/w) and
centrifuged at 10,000× g for 45 min at 4 ◦C for the recovery of plasma (supernatant) and
granule (pellet) fractions. The granule fraction was prefrozen at −30 ◦C and freeze-dried
(pressure of 27 Pa and plate temperature of 20 ◦C) for 48 h. The freeze-dried granule was
kept frozen under vacuum until analysis and treatment.

2.2. Ultra-High Pressure Homogenization

The freeze-dried granule was solubilized in distilled water (1% w/v) overnight at 4 ◦C
under constant agitation to generate the initial granule solution (G1c). Immediately after
solubilization, the G1c was pressure-treated by single or multiple-pass (1 to 4) ultra-high
pressure homogenization (Nano DeBEE laboratory homogenizer, Bee International, South
Easton, MA, USA) at 50, 175 and 300 MPa at a flow rate of 4 L/h. While it is estimated
that the temperature of the sample increased by around 16 to 25 ◦C per 100 Mpa [31,33,34],
the system was equipped with a cooling system allowing a fast temperature decrease
after UHPH treatment. The resulting emulsions obtained after pressurization of G1c were
labeled G1p. After UHPH treatments, 1 mL of sodium azide solution (0.02% w/v) was
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added to 500 mL of sample for preservation. Next, pressure-treated granule samples (G1p)
were centrifuged at 10,000× g for 45 min at 4 ◦C to generate a second granule (G2p) and
plasma (P2p). Control granule (G2c) and plasma (P2c) were generated following the same
experimental design without pressurization treatment (Figure 1). Secondary granules (G2p
and G2c) were resuspended in 10 mL of distilled water for native PAGE analysis. Finally,
initial granules (G1p and G1c), secondary granules (G2p and G2c) and plasma (P2p and
P2c) were prefrozen at −30 ◦C and freeze-dried (pressure of 20 Pa and plate temperature of
20 ◦C) for 48 h before subsequent analysis.

Figure 1. Experimental design of the production of the different fractions from egg yolk granule
after ultra-high-pressure homogenization treatments. G1c: initial control granule, G1p: initial
pressure-treated granule, G2p: granule from initial pressure-treated granule, P2p: plasma from initial
pressure-treated granule, G2c: control granule from initial control granule, P2c: control plasma from
initial control granule.

2.3. Proximate Composition

Dry matter and ash content of the initial control granule (G1c), pressure-treated granule
(G1p), granule from pressure-treated granule (G2p) and control granule (G2c) fractions
were determined according to the Association of Official Agricultural Chemists (AOAC)
923.03 (dry matter) and 925.09 (ash) methods. The crude protein content of G1c, G2c, G1p,
G2p, control plasma (P2c) and plasma originating from pressure-treated granule (P2p) was
obtained by the Dumas method (LECO FP-528, Model 601-500, LECO, St. Joseph, MI, USA)
using a protein-to-nitrogen conversion factor of 6.25 [6]. The lipid content of G1c, G1p,
G2p and G2c fractions was determined by the Mojonnier method (AOAC International
925.32). Phosphorus and iron contents of G1c, G1p, G2p and G2c fractions were obtained
by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Agilent 5110
ICP-OES, Agilent Technologies, Inc., Santa Clara, CA, USA) according to the AOAC 923.03
and 925.09 methods. Dry matter, lipid, ash and mineral composition were not determined
for P2c and P2p due to limited quantities of those fractions.

2.4. Particle Size Distribution

The distribution of particle sizes of G1c and G1p was determined on liquid samples
using a laser diffraction system (Malvern Mastersizer 3000, Malvern Instrument Ltd.,
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Worcestershire, UK), and the data were analyzed with the software Mastersizer V.3.72.
Samples were analyzed without dilution. The sample dispersion particle type was set to
non-spherical particle mode and the refractive index was set to 1.45, whereas the dispersant
phase’s (deionized water) refractive index was set to 1.33. The sample was added to the
cell up to an obscuration rate between 8–13%. The mean diameter expressed as volume
mean (De Brouckere mean diameter) was expressed as D[4,3]. All conditions were analyzed
in duplicate with 3 measures for each duplicate.

2.5. Microstructure of Egg Yolk Granules and Fractions

The microstructure of control and pressure-treated granule and plasma samples was
visualized by transmission electron microscopy (TEM) (JEOL JEM-1230 TEM, Tokyo, Japan)
operating at 80 kV and at a magnification factor of 3K. Granule fractions (G1c, G1p, G2c and
G2p) were diluted to 1:200 for obtaining good quality images, whereas plasma fractions
(P2c and P2p) were used undiluted. A droplet of each sample was mixed with 3% (w/v)
uranyl acetate and placed onto a copper grid/carbon film for 1 min. The excess was
removed, and the grid was air-dried. A Gatan camera ultrascan US1000SP1 (Gatan, Inc.,
Pleasanton, CA, USA) was used for image capture.

2.6. Protein Profiles

Protein profiles of control and pressure-treated samples were obtained by native and
sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) under reducing
conditions according to the protocol of Naderi et al. [6]. First, native PAGE was carried
out with fresh liquid samples. For control and pressure-treated granule fractions, 25 μL of
diluted sample (1:4 v/v) was mixed with 25 μL of native sample buffer (62.5 mM Tris-HCl,
40% glycerol, 0.01% bromophenol blue—Bio-Rad, Mississauga, ON, Canada), and 10 μL of
each sample was loaded into the well. For control and pressure-treated plasma fractions,
50 μL of sample and 20 μL of native sample buffer were mixed and a final volume of
20 μL was loaded into each well. For SDS PAGE under reducing conditions, a 1% (w/v)
protein solution was prepared for each freeze-dried granule and plasma fraction, and
200 μL of that solution was diluted into 800 μL of deionized water. Samples G2c and
G2p were sonicated for 30 min to improve solubility. A volume of 25 μL of sample buffer
(5% 2-mercaptoethanol, 95% Laemmli buffer—Bio-Rad, Mississauga, ON, Canada) was
added to 25 μL of each diluted sample. Samples were boiled for 10 min and cooled on
ice before loading 10 μL into the gel wells. Electrophoresis was performed using 4–20%
TGX Stain-Free polyacrylamide gel (Bio-Rad, Mississauga, ON, Canada) and run at 30 mA
per gel for a total of 35 min at room temperature. Gels were stained with 0.1 M aluminum
nitrate and destained with a solution of 40% v/v methanol, 10% v/v acetic acid and 50%
v/v distilled water. The molecular weights of migrated proteins were estimated using
molecular weight markers (Precision Plus Protein™ 161-0373 All Blue Prestained Protein
Standards, Bio-Rad, Mississauga, ON, Canada). Images of the gels were captured using the
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada).

2.7. Proteomics Analysis

Protein digestion and mass spectrometry analyses were performed by the Proteomics
Platform of the Research Center of the Centre Hospitalier Universitaire (CHU) of Quebec
(Quebec City, QC, Canada). Specific bands corresponding to high molecular weight ag-
gregates from native gels were excised for G1c and G1p at 300 MPa with 1 and 4 passes
and washed with MilliQ water. Tryptic digestion products for each sample were sepa-
rated by online reversed-phase (RP) nanoscale capillary liquid chromatography (nanoLC)
and analyzed by electrospray mass spectrometry (ES MS/MS). Data obtained by mass
spectrometry were analyzed using Mascot (Matrix Science, London, UK; version 2.5.1) as
described by Duffuler et al. [13]. The Uniprot Gallus 2020 database and Scaffold software
(version Scaffold_4.11.1, Proteome Software Inc., Portland, OR) were used for peptide
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and protein identification. The false discovery rates (FDR) and the minimum number of
peptides occurrence were set to <1.0% and 2, respectively.

2.8. Statistical Analysis

Data analyses were carried out using Statistical Analysis System (SAS), SAS® Studio
software (Copyright © 2020 SAS Institute Inc., Cary, NC, USA.) and three replicates were
performed for each experiment. The proximate compositions of the fractions were analyzed
by one-way analysis of variance (ANOVA) and the Tukey test (α = 0.05) for multiple
comparisons. The particle size distribution and the mean diameter expressed as volume
mean, D[4,3], were analyzed by multifactorial ANOVA. A 95% confidence interval (p < 0.05)
was used for all tests. Data were expressed as mean ± standard deviation (SD).

3. Results

3.1. Proximate Composition of Control and Pressure-Treated Egg Yolk Fractions

Table 1 shows the proximate composition of control and pressure-treated fractions
for each pressurization level (50, 175 and 300 MPa) and number of passes (1 and 4). No
differences (p > 0.05) were observed regarding the content of dry matter and all components
(protein, lipid, ash, phosphorus and iron) between control and pressure-treated fractions
(granule or plasma), regardless of the pressure applied (50, 175 and 300 MPa) and the
number of passes (1 and 4).

Table 1. Composition of control and pressure-treated fractions of egg yolk.

Fraction
Dry Matter Protein Lipid Ash Phosphorus (P) Iron (Fe)

(% w/w, Dry Basis) (×10−2)

G1c (control) 96.1 ± 1.0 a* 64.6 ± 0.7 a 39.7 ± 11.2 a 6.5 ± 0.2 a 1.1 ± 0.5 a 2.4 ± 1.2 a

G1p (50, 175 and
300 MPa for 1 and

4 passes)
96.5 ± 2.2 a 62.7 ± 0.8 a 29.7 ± 5.0 a 6.4 ± 0.2 a 1.0 ± 0.4 a 1.5 ± 0.8 a

G2c (control) 99.0 ± 0.6 a 63.6 ± 1.2 a 37.3 ± 6.4 a 5.4 ± 0.6 b 0.5 ± 0.2 a 1.9 ± 0.7 a

G2p (50, 175 and
300 MPa for 1 and

4 passes)
99.1 ± 0.4 a 62.8 ± 2.1 a 42.0 ± 8.6 a 5.5 ± 0.2 b 0.5 ± 0.2 a 1.5 ± 0.4 a

P2c (control) N.D. 50.0 ± 10.7 b N.D. N.D. N.D. N.D.

P2p (50, 175 and
300 MPa for 1 and

4 passes)
N.D. 50.1 ± 3.6 b N.D. N.D. N.D. N.D.

* Mean value ± standard deviation. Data with different letters (a–b) within each column are significantly different
at p < 0.05 (Tukey test, α = 0.05, n = 3). G1c: initial granule, G1p: pressure-treated granule, G2c: control granule
from initial granule, G2p: granule from pressure-treated granule, P2c: control plasma from initial granule,
P2p: plasma from pressure-treated granule. N.D.: not determined.

3.2. Effect of UHPH Treatments on Particle Size Distribution

Figure 2 shows the particle size distribution of initial control (G1c) and pressure-treated
granule (G1p) at 50, 175 and 300 MPa with 1 and 4 passes (Figure 2A), and the factorial effect
of pressure level and number of passes (1 and 4) on the two main populations (Figure 2B).
The two main heterogenous populations were distinguishable in the non-treated fraction
(G1c), with a particle size between 0.33 and 1.36 μm for population 1 and between 1.76 and
625 μm for population 2 (Figure 2A). The application of UHPH treatments decreased the
particle size of the initial control granule (G1c) drastically. Particles above about 30 μm that
were initially present were reduced to two main populations: population 1 ranging from
0.25 to 1.55 μm and population 2 ranging from 1.76 to 15.4 μm.

To understand the impact of pressure level (50, 175 and 300 MPa) and number of
passes (1 and 4) on the size of each population, a multiple factorial analysis was performed
for all G1p fractions (Figure 2B). The figure represents the size corresponding to the highest
intensity for each population (1—hatched and 2—filled) as a function of pressure (50, 175
and 300 MPa) and passes (1—blue and 4—green). Population 1 had strong interactions
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between both pressure and passes (p < 0.0001). While no effect was observed for the number
of passes (1 or 4) at 50 and 175 MPa, at 300 MPa, population 1′s particle sizes for 1 (0.63 μm)
and 4 passes (0.56 μm) were lower than those obtained at 50 and 175 MPa (mean of 0.72 μm).
In contrast, for population 2, the impact of UHPH was solely due to the pressure level
(p < 0.0001). Indeed, the particle size decreased from 4.04 to 3.66 μm for 50 and 175 MPa,
and finally increased from 3.66 to 4.96 μm for 175 and 300 MPa.

Figure 2. Particle size distribution of initial (G1c) and pressure-treated granule (G1p) at 50, 175 and
300 MPa with 1 and 4 passes (A), and factorial effect of pressure level (50, 175 and 300 MPa) and
number of passes (1—blue and 4—green) on the two populations (1—hatched and 2—filled) (B).
Different letters, a–c for population 1 and A–C for population 2, indicate significant differences
(p < 0.05) due to interaction between pressure and passes and solely due to the pressure level (Tukey
test, α = 0.05, n = 3).

Figure 3 represents the mean diameter expressed as volume (D[4,3]), which reflects the
sizes of particles that constituted the majority of the sample volume of pressure-treated gran-
ule (G1p) as a function of pressure (50, 175 and 300 MPa) and number of passes (1 and 4).
The D[4,3] value of the initial granule (G1c—data not shown) was higher (p < 0.0001) than
that of pressure-treated granules, with average values of 58.5 ± 43.2 μm for G1c and
4.2 ± 0.8 μm for all G1p, which corresponded to a decrease of approximately 93%. Within
UHPH treatments, the multiple factorial analyses indicated a simple effect of pressure
(p < 0.0001) and passes (p < 0.0001) without interaction between these two parameters
(Figure 3). Globally, regardless of the pressure level (50–300 MPa), UHPH at 1 pass in-
creased the D[4,3] value compared to that in samples pressurized with 4 passes (p < 0.0001),
with average values of 4.8 ± 1.2 μm for G1p at 1 pass and 3.5 ± 0.4 μm for G1p at 4 passes.
In addition, regardless of the number of passes, pressure treatment at 300 MPa induced
higher D[4,3] compared to pressures of 50 and 175 MPa, with values of 4.8 ± 0.6 μm (av-
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erage of G1p at 300 MPa at 1 and 4 passes) and 3.9 ± 0.9 μm (average of G1p at 50 and
175 MPa at 1 and 4 passes).

Figure 3. Impact of pressure level (50, 175 and 300 MPa) and number of passes (1—blue and 4—green)
on the mean diameter expressed as volume (D[4,3]) of pressure-treated granule (G1p). Data with
different letters (a-b) and * are significantly different (p < 0.05), due to a simple effect of pressure and
passes (Tukey test, α = 0.05, n = 3).

3.3. Microstructural Modifications Following UHPH Treatments

Figure 4 shows the changes in microstructure associated with the initial granule
(G1c) before and after UHPH treatment (G1p—Figure 4A), and their respective secondary
granules (G2c and G2p—Figure 4B) and plasmas (P2c and P2p—Figure 4C) using TEM.
First, the initial granule (G1c) appeared as large and compact (dark) aggregates with
diameters close to 4 μm, whereas a change in the morphology of the particles was observed
after UHPH treatment, correlating with the increase in pressure and number of passes
(Figure 4A). Specifically, the particles observed for the pressure-treated granule (G1p) at
300 MPa with 4 passes formed a diffuse and thin network compared to the particle shape
in the initial control granule (G1c). Second, the control granule from initial granule (G2c)
and granule from pressure-treated granule (G2p) (Figure 4B) showed microstructure and
effects of pressure and number of passes similar to those observed for G1c and G1p. Last,
the microstructure of control plasma from initial granule (P2c) and plasma from pressure-
treated granule (P2p) (Figure 4C) was drastically different from that of granules (G1 and G2)
(Figure 4A,B). Indeed, TEM images show very particular leaf-like structures but none of the
network previously observed in G1p and G2p. It should be noted that no major differences,
regardless of pressurization level (50–300) and number of passes (1–4), were observed
between plasma samples. Compared with the controls (G1c and G2c), UHPH treatments
caused major changes in the microstructure of the particles in the granule fractions that
correlated with the increases in pressure (50–300 MPa) and number of passes (1–4). UHPH
treatments reduced the particle size and changed the microstructure of the complex, thus
forming a thin and highly diffuse network when subject to the most severe parameters
(300 MPa, 4 passes).

3.4. Effect of UHPH Treatments on Protein Profiles

Figure 5 shows the native (Figure 5A,C,E) and reduced (Figure 5B,D,F) SDS PAGE
of G1c and G1p (Figure 5A,B), G2c and G2p (Figure 5C,D) and P2c and P2p (Figure 5E,F)
fractions. Protein profiles from native PAGE of the initial (G1c) and pressure-treated
granule (G1p) (Figure 5A) were similar except that the intensity of the band in the loading
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well (X1) decreased as a function of the increase in pressure level, mainly at 300 MPa
and passes. Two other bands (X2) with similar intensities were detected in native PAGE
gels through all pressure levels and numbers of passes. Native PAGE of the granule
obtained after centrifugation of initial granule (G2c) and pressure-treated granule (G2p)
(Figure 5C) showed that the intensity in the loading well (X3) decreased as a function
of UHPH treatments, mainly for 300 MPa with 4 passes, as observed for G1c and G1p
(Figure 5A). Similarly to G1c and G1p, no differences were observed in the protein profile
(X4) for all G2c and G2p fractions (Figure 5B). Native PAGE of plasma (P2c and P2p)
fractions (Figure 5E) showed no remarkable modifications in the protein profiles between
P2c and P2p at 50 and 175 MPa, regardless of the number of passes. However, at 300 MPa,
differences in the protein profiles (X5) were observed after 1 and 4 passes.

 

Figure 4. Microstructures of (A) initial control granule (G1c) and pressure-treated granule (G1p),
(B) control granule from initial control granule (G2c) and granule from pressure-treated granule
(G2p), and (C) control plasma from initial control granule (P2c) and plasma from pressure-treated
granule (P2p) observed by transmission electron microscopy with a magnification of 3K.

The protein profiles of control and pressure-treated granule fractions (Figure 5B,D),
obtained from SDS PAGE under reducing conditions showed 6 major protein bands from
31 kDa to 110 kDa that were also identified by Guilmineau et al. [35], Naderi et al. [5]
and [12]. Their intensity and distribution remained similar, regardless of the treatment
and granule sample. The protein profiles of plasma from pressure-treated granule (P2p)
(Figure 5F) obtained from SDS PAGE under reducing conditions were similar to those of
the control for samples at 50 and 175 MPa with 1 or 4 passes. However, and as observed in
native PAGE (Figure 5E), at 300 MPa, the intensity of the protein bands at 68 and 78 kDa
(X6) decreased as a function of the number of passes. In addition, for P2p at 300 MPa and
4 passes, a band with a molecular weight of 45 kDa appeared that was not present for other
treatments and control (P2c).
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Figure 5. Native (A,C,E) and reduced (B,D,F) SDS PAGE of initial granule (G1c) and pressure-treated
granule (G1p) (A,B); control granule from initial granule (G2c) and granule from pressure-treated
granule (G2p) (C,D); and control plasma from initial granule (P2c) and plasma from pressure-treated
granule (P2p) (E,F).

3.5. Characterization of Egg Yolk Proteins by Proteomics Analysis

The band observed in the wells of native PAGE of initial granule (G1c) and pressure-
treated granule (G1p) at 300 MPa and 1 pass and 4 passes were analyzed by LC-MS/MS,
and the results are presented in Table 2. The total spectrum count (TSC) value corresponds
to the total number of spectra identified for a protein and is a semi-quantitative measure
for a given protein abundance in proteomic studies [36], and the coverage percentage
corresponds to the percentage of the protein sequence represented by the detected peptides
in the dataset [37]. Globally, the composition of all G1c and G1p fractions at 300 MPa and
1 pass and G1p at 300 MPa and 4 passes were identical. A total of eight specific proteins
from egg yolk granule were identified for all samples, with five predominant proteins with
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molecular weight ranging from 12 to 523 kDa. These proteins were identified as phosvitin
from vitellogenin (VTG)-2 (#1—205 kDa), VTG-1 (#2—211 kDa) and VTG-3 (#3—187 kDa),
apolipoprotein-B (#4—523 kDa), and apovitellenin-1 (#5—12 kDa). For these proteins, the
coverage percentage and TSC ranged from 41% to 73% and from 17 to 1235, respectively,
for all conditions (Table 2).

Table 2. Proteomic analysis of native PAGE wells of initial granule (G1c), pressure-treated granule
(G1p) at 300 MPa—1 pass and pressure-treated granule (G1p) at 300 MPa—4 passes.

# Protein Identified Proteins
Molecular

Weight (kDa) UniProt ID

% Coverage Total Spectrum Count (TSC)

G1c
300 MPa

1 Pass
300 MPa
4 Passes

G1c
300 MPa

1 Pass
300 MPa
4 Passes

1
Phosvitin OS = Gallus
gallus OX = 9031 GN =

VTG2 PE = 4 SV = 1
205 F1NFL6_C

HICK 63 59 73 1235 660 1227

2
Phosvitin OS = Gallus
gallus OX = 9031 GN =

VTG1 PE = 4 SV = 1
211 A0A1D5NU

W2_CHICK 56 48 60 523 341 608

3
Phosvitin OS = Gallus
gallus OX = 9031 GN =

VTG3 PE = 4 SV = 1
187 A0A3Q2U3

47_CHICK 55 49 63 267 197 309

4
Apolipoprotein B OS =
Gallus gallus OX = 9031

GN = APOB PE = 4 SV = 2
523 F1NV02_C

HICK 51 48 59 374 401 571

5
Apovitellenin-1 OS =

Gallus gallus OX = 9031 PE
= 1 SV = 1

12 APOV1_C
HICK 65 41 63 34 17 36

6
Albumin OS = Gallus

gallus OX = 9031 GN =
ALB PE = 4 SV = 2

64 A0A1D5NW
68_CHICK 9 68 82 8 50 86

7
Ovotransferrin OS =

Gallus gallus OX = 9031
GN = TF PE = 3 SV = 4

83 E1BQC2_C
HICK 0 34 43 0 30 37

8
Ovalbumin OS = Gallus
gallus OX = 9031 GN =

SERPINB14 PE = 1 SV = 2
43 OVAL_C

HICK (+1) 0 9 17 0 3 6

4. Discussion

The aim of the current work was to investigate the destabilization of egg yolk granule
through UHPH treatment. Overall, the approximate compositions of granule and the
resulting granule and plasma fractions were not modified following UHPH treatments.
However, the application of UHPH decreased the average particle size of the initial granule
(G1c). Additionally, the mean diameter of particles expressed as volume (D[4,3]) increased
for pressures above 300 MPa, and to a greater extent, when treated with 4 passes. These
observations correlated with a change in the microstructure of the granule through the
formation of a diffuse and thin network. Regardless of the treatment (number of passes
or pressure level), phosvitin, apovitellenin and apolipoprotein-B were involved in the
formation of these structures.

4.1. Impact of UHPH Treatments on Particle Size Distribution of Initial (G1c) and
Pressure-Treated Granule (G1p)

In the granule, HDL, LDL and phosvitin are associated with phosphocalcic bridges.
Depending on the conditions (pH and ionic strength), the HDL–phosvitin complex can
form soluble micelles with particle sizes ranging from 100 to 200 nm [1]. These structures
could correspond to the large population observed in granule samples without application
of UHPH treatments (Figure 2A—Population 2). However, after pressurization treatments,
a reduction in particle size distribution as well as an increase in the volume density and
a decrease in the mean diameter D[4,3] values were observed, compared to the control.
These observations were noted regardless of the pressure level and number of passes,
indicating that the global UHPH treatment-related mechanical force and high temperatures
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encountered in the valve could disperse granule aggregates into small particles. These
results agree with those obtained by numerous authors using model oil-in-water emul-
sions [23] and protein-stabilized emulsions [19,38–40]. Our observations were also similar
to those of Naderi et al. [11] using ultrasound treatment, which were explained by the
cavitation and high shear forces inducing disintegration of the granule into small particles
of HDL-phosvitin [11]. In addition, and contrary to the control granule sample, bimodal
and polydisperse distributions were observed after UHPH treatments (Figure 2A), as ob-
served by Sirvente et al. [10] after mechanical treatment of yolk granule by conventional
high-pressure homogenization (0.3, 10 and 20 MPa). According to Chang et al. [41] and
Causeret et al. [8], the smallest particle size population could correspond to a spherical
complex of non-soluble HDL-phosvitin linked by phosphocalcic bridges where the largest
particle size population was probably granule aggregates [1].

For the smallest population of particles (Figure 2B—hatched), we observed a strong
interaction between both pressure and passes on particle size reduction, with the largest
decrease observed at 300 MPa and 4 passes. Increasing the homogenization pressure
progressively reduced the size particle, while distributions became narrower, potentially
due to the reduction in size of HDL caused by homogenization partially disrupting the
granules [42], as observed for oil-in water emulsions prepared with egg yolk. Similar results
were obtained after application of UHPH to milk fat globule membrane (MFGM), which is
mainly composed of phospholipids (like yolk granule), in the presence of milk protein [43].
Simultaneously, increasing the number of passes reduced the sizes of proteins due to the
unfolding phenomenon [44]. Increasing the number of passes could also induce greater
disruption of the HDL–phosvitin complex and decrease its particle size (Figure 2B), as
observed in oil-in-water emulsions composed of whey protein isolate and flaxseed oil [45].
On the other hand, the volume density of the second population observed in Figure 2A
was greater than that of the first population. UHPH treatments are known to modify
the conformation of globular proteins, which tend to unfold and aggregate, leading to
protein–protein interactions [19,21,46]. Consequently, population 2 could be made up of
yolk protein aggregates generated by the combination of mechanical homogenization and
shear-induced temperature effects throughout UHPH treatment. A detailed analysis of
population 2 (Figure 2B—filled) showed that only pressure level had an impact on particle
size distribution. More specifically, the particle size decreased between 50 and 175 MPa
to eventually increase at 300 MPa. The same tendency was shown by the D[4,3] values
(Figure 3). These observations could be the result of increased interaction and subsequent
re-coalescence of smaller fat and protein particles, as observed after microfluidization
treatment of egg yolk [47]. As indicated previously, the higher the pressure, the smaller the
particle size due to a drastic disruption of granule structure, specifically HDL–phosvitin
complex. As a result, the protein–protein aggregation phenomenon could also occur at
higher pressure levels.

4.2. Impact of UHPH Treatments on the Protein Profile, Composition and Microstructure of Egg
Yolk Fractions

Overall, the results showed a drastic reorganization of the granule’s microstructure
with the severity of UHPH treatment (up to 300 MPa—4 passes) but little impact on its
protein composition. The application of UHPH treatment up to 175 MPa induced the
large particles present in the granule to be disrupted into smaller particles, as observed
by TEM analysis (Figure 4A,B). The plasma fraction, however, showed irregular leaf-
like structures comparable to the one noticed by Staneva et al. [48] with mixture of egg
phosphatidylcholine, sphingomyelin and ceramide (Figure 4C). Observations on granule
fractions correlated with the particle size measurements discussed previously and were
supported by the literature on conventional high-pressure homogenization [10,49,50]. The
mechanical forces involved during high pressure homogenization disrupt the quaternary
structure of proteins and eventually lead to structural changes through protein unfold-
ing [51]. In addition, when samples were pressurized at 300 MPa, TEM analysis showed
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the formation of a thin and diffuse network (Figure 4A,B). These results agree with the
findings of Floury et al. [19], who observed a gel-like network structure in UHPH-treated
soy protein-stabilized oil-in-water emulsions at pressures above 250 MPa. The increase in
pressure causes the temperature within the valve to increase, thus increasing the strength
of the hydrophobic bonds. The resulting protein–protein interactions can be enhanced to
eventually form a gel-like network [19]. In addition, as observed by Marco-Molés et al. [24]
with egg/dairy oil-in-water emulsions, the use of pressure up to a critical level (300 MPa
in our study) could induce destabilization of an emulsion through the loss of the natural
emulsifier barrier, thus potentially increasing protein–protein interactions.

Proteomic analysis (Table 2) and gel electrophoresis (Figure 5B,D) showed that the
protein composition of pressure-induced structures was similar regardless of the treat-
ment, and specifically composed of apovitellenin, apolipoprotein and phosvitin. This also
indicates the high resistance of granule proteins to UHPH treatment compared to HHP
treatment. These observations agree with the literature on heat treatment of egg yolk,
which demonstrates very little impact of the treatment on the granule proteins vs. plasma
proteins [52,53]. The high resistance of phosphocalcic bridges toward heat could explain
granule stability, especially the HDL–phosvitin complex, against UHPH treatment [1]. In
this work, the application of UHPH up to 300 MPa—1 pass induced the disintegration
of the initial granule structure into smaller particles composed of HDL–phosvitin com-
plexes. However, when treated at 300 MPa—4 passes, the combination of pressure and high
temperature, as well as mechanical forces, enhanced protein–protein interactions, and the
formation of a protein network. It also caused a very slight dissociation of the β-phosvitin
from HDL complexes, leading to the release of a small portion of the β-phosvitin into the
soluble fractions (plasma) (Figure 5F). These observations differ from the literature on the
application of HHP to egg yolk granule. Indeed, Naderi et al. [11] showed HHP treatment
(600 MPa, 5 min) disrupted the egg yolk granule structure and induced a specific and major
transfer of phosvitin and folate into the plasma fraction.

5. Conclusions

Ultra-high pressure homogenization (50–300 MPa for 1–4 passes) was used as a pre-
treatment technology to destabilize the native compact structure of egg yolk granule. This
study demonstrates that increasing the pressure to 300 MPa and the number of passes
to 4 induces structural modification of the granule by decreasing the particle size and
increasing protein–protein interactions to eventually form a protein network. Despite the
harsh conditions generated during the most severe treatment (300 MPa at 4 passes), the
phosvitin–HDL complex showed very high resistance, thus not significantly impacting
the composition of the network consisting of apovitellenin, apolipoprotein and phosvitin.
However, as this work was preliminary to further investigations, the extent of protein
unfolding and the nature of the interactions involved during formation of a protein network
by UHPH treatments of egg yolk granule remain to be investigated. Finally, the next step
will be to understand the impact of structural modification on the functional properties of
egg yolk granules treated by UHPH.
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Abbreviations

AOAC Association of Official Agricultural Chemists
ES MS/MS Electrospray mass spectrometry
G1c Granule fraction generated after the centrifugation of egg yolk
G1p Granule fraction generated after pressurization of G1c
G2c Granule fraction generated after the centrifugation of G1c
G2p Granule fraction generated after the centrifugation of G1p
HDL high-density lipoproteins
ICP-OES Inductively coupled plasma optical emission spectroscopy
LDL low-density lipoproteins
NanoLC Nanoscale capillary liquid chromatography
PAGE Polyacrylamide gel electrophoresis
P2c Plasma fraction generated after the centrifugation of G1c
P2p Plasma fraction generated after the centrifugation of G1p
RP Reversed-phase
SDS Sodium dodecyl sulphate
TEM Transmission electron microscopy
TSC Total spectrum count
UHPH Ultra-high pressure homogenization
VTG Vitellogenin
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Abstract: Isothiocyanates (ITCs) are important functional components of cruciferous vegetables.
The principal isothiocyanate molecule in broccoli is sulforaphane (SFN), followed by erucin (ERN).
They are sensitive to changes in temperature, especially high temperature environments where they
are prone to degradation. The present study investigates the effects of high hydrostatic pressure on
isothiocyanate content, myrosinase activity, and other functional components of broccoli, and evaluates
its anti-inflammatory and antioxidant effects. Broccoli samples were treated with different pressures
and for varying treatment times; 15 min at 400 MPa generated the highest amounts of isothiocyanates.
The content of flavonoids and vitamin C were not affected by the high-pressure processing strategy,
whereas total phenolic content (TPC) exhibited an increasing tendency with increasing pressure,
indicating that high-pressure processing effectively prevents the loss of the heat-sensitive components
and enhances the nutritional content. The activity of myrosinase (MYR) increased after high-pressure
processing, indicating that the increase in isothiocyanate content is related to the stimulation of
myrosinase activity by high-pressure processing. In other key enzymes, the ascorbate peroxidase (APX)
activity was unaffected by high pressure, whereas peroxidase (POD) and polyphenol oxidase (PPO)
activity exhibited a 1.54-fold increase after high-pressure processing, indicating that high pressures
can effectively destroy oxidases and maintain food quality. With regards to efficacy evaluation,
NO production was inhibited and the expression levels of inducible nitric oxide synthase (iNOS) and
Cyclooxygenase-2 (COX-2) were decreased in broccoli treated with high pressures, whereas the cell
viability remained unaffected. The efficacy was more significant when the concentration of SFN was
60 mg·mL−1. In addition, at 10 mg·mL−1 SFN, the reduced/oxidized glutathione (GSH/GSSG) ratio
in inflammatory macrophages increased from 5.99 to 9.41. In conclusion, high-pressure processing can
increase the isothiocyanate content in broccoli, and has anti-inflammatory and anti-oxidant effects in
cell-based evaluation strategies, providing a potential treatment strategy for raw materials or additives
used in healthy foods.

Keywords: high hydrostatic pressure; broccoli; Isothiocyanates; sulforaphane; erucin; anti-inflammatory;
antioxidant

1. Introduction

Brassica oleracea var. italica (broccoli) is a vegetable widely consumed worldwide. It is
derived from genetic mutations and the evolution of wild cabbage, and is a cultivar of Bras-
sica oleracea, which belongs to the family Brassicaceae together with cabbage, gai lan, and
cauliflower. Broccoli is rich in a variety of nutrients, including vitamin A, vitamin C, dietary
fibers, and isothiocyanates. Among these, isothiocyanates are formed primarily through
hydrolysis of glucosinolates by the enzyme myrosinase, and are the most representative func-
tional component in cruciferous vegetables. They can inhibit the proliferation, development,
and metastasis of cancer cells, regulate the production of inflammation-related factors, and
enhance the expression of antioxidant-related proteins [1–4]. The most abundant isothiocyanate
molecule found in broccoli is sulforaphane, followed by erucic acid [5].
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Myrosinases and glucosinolates not only comprise the isothiocyanate production system
in plants but also act as a chemical defense mechanism. Under normal circumstances, the
myrosinase enzyme is in an inactive state and the glucosinolates are stored in plants in
a precursor form since these two are spatially separated. When attacked by herbivores,
insects, or microorganisms, the cells are destroyed, releasing these enzymes and glucosinolate
molecules, which then interact to produce the biologically active isothiocyanates, nitriles,
and thiocyanates, such as, sulforaphanes [5,6]. The degree of myrosinase hydrolysis and
the types of products formed are strongly affected by environmental changes, including the
substrates and cofactors of myrosinase, the presence of specific proteins, pH, stress, carbon
dioxide concentration, and temperature. When the pH of the hydrolysis environment is
slightly acidic or neutral, the principal product produced are isothiocyanates, whereas under
acidic conditions (pH < 3) or in the presence of iron or epithiospecifier protein (ESP), nitriles
are produced instead, which, unlike the isothiocyanates, have no physiological effects [5,7,8].

The inflammatory response is the natural defense mechanism activated by the body
when subjected to noxious stimuli. A proper inflammatory response not only protects the
human body from injuries to tissues and microbial invasion, but also increases the ability
of tissues and cells to restore stability and enhance the immune system [9,10]. During the
inflammatory response processes, inflammation-related factors are activated to promote
the production of inflammatory mediators (e.g., TNF-α and IL-6). Some inflammatory
mediators may drive blood vessels to be remodeled during inflammation [11]. The oxida-
tive stress leads to large amounts of reactive oxygen species (ROS) being produced [12].
In addition, cells and tissues absorb more oxygen due to swelling, leading to gradual
accumulation of ROS. Inflammation and oxidative stress increase the likelihood of injury or
pathology to tissues and cells, which can lead to immune-related diseases such as cancers
and multiple sclerosis (neurodegenerative diseases) [13].

High-pressure processing (HPP), which is also known as high hydrostatic pressure
(HHP) processing or ultra-high pressure (UHP) processing, is a non-thermal processing
technology that has undergone rapid development in recent years. Its mechanism of ac-
tion is primarily based on the use of liquids as a pressure transmission medium. Food
processing under high-pressure environments at appropriate temperatures and times can
inactivate microorganisms and enzymes, thereby achieving sterilization, prolonging shelf
life, and reducing the use of chemical preservatives. When compared to traditional thermal
processing strategies, this technique can do a much better job in preserving nutrients, flavor,
appearance, and texture without any heat treatment [14–16]. Since isothiocyanates and
their production systems are easily damaged in high-temperature environments, many
studies have investigated this problem by using high-pressure techniques to treat crucif-
erous crops, and have noticed that not only was the isothiocyanate content retained, but
there was also a tendency of improvement in the content [8,17–19]. Current research in
this topic is focused on investigating cruciferous crops, such as samples of cabbage or
broccoli sprouts, and the efficacy evaluation is based primarily on purified isothiocyanates.
In this study, the No. 42 broccoli grown commercially in Taiwan was selected as the sam-
ple for processing under different high-pressure conditions to investigate the effects of
high-pressure processing techniques on the changes in isothiocyanate content, myrosinase
activity, and other functional components in broccoli, and also to develop the optimal
processing conditions, to analyze the mechanisms behind these changes, and to evaluate
efficacy through cell-based experiments.

2. Materials and Methods

2.1. Materials/Processing

Fresh broccoli was purchased from Erlun Produce Cooperative, Yunlin County, Taiwan.
The broccoli was cleaned and was cut into 2-cm pieces under the florets, and equal amounts
of broccoli was divided into several clean airtight bags and vacuum-sealed. The bags were
then randomly divided into two groups: control group and high-pressure group. The high-
pressure group was further subdivided into 9 batches based on the applied pressure and

94



Foods 2021, 10, 167

the incubation time, namely 200 MPa (3, 10, 15 min), 400 MPa (3, 10, 15 min), and 600 MPa
(3, 10, 15 min). The high-pressure groups were placed into an HPP600 MPa/6.2 L (Bao Tou
KeFa High Pressure Technology Co. Ltd., Inner Mongolia, Baotou, China) high-pressure
apparatus for high-pressure treatment, and then allowed to stand at room temperature for
1 h to allow the myrosinase enzyme and glucosinolates to react with each other [18]. The
broccoli samples were blanched in boiling water for 1 min to inactivate the polyphenol
oxidase (PPO) and Peroxidase (POD) activities to reduce the browning reaction, to retain
the highest commercial values. After cooling, the broccoli was freeze-dried and ground
using a food processor. This was followed by filtration through a mesh and the powder
was stored at −20 ◦C for use in subsequent analyses.

2.2. Extraction and High Performance Liquid Chromatography (HPLC) Analysis of Isothiocyanates

2.2.1. Preparation of the Extract

The isothiocyanate extraction process was performed as described previously by
Hwang and Lim (2014) [12]. A total of 0.5 g of broccoli powder was added to a 6 mL
solution of 80% methanol (Macron Fine Chemicals, Center Valley, PA, USA) and the
extraction process was performed with constant shaking at 1260 rpm for 1 h, followed
by centrifugation at 10,000× g and 4 ◦C for 20 min. The supernatant was collected and
the precipitate was resuspended with the same volume of 80% methanol, followed by
extraction and centrifugation under the same conditions. The two supernatants were
combined as a crude isothiocyanate extract and stored at −20 ◦C.

2.2.2. HPLC

The analysis was performed as described by You et al. (2008) [20], with modifications.
The analytical instrument used for this process was a WatersTM 600 series Controller
pump with a Waters 717 Plus Autosampler and SPD-20AV UV-VIS detector (Shimazu Co.,
Kyoto, Japan). A C18 reversed-phase chromatography column (Zorbax Eclipse XDB C-18,
4.6 × 150 mm) was used for the separation. The detection wavelength was set to 241 nm,
and the sample injection volume was set to 20 μL. Water and methanol were used as the
HPLC mobile phases. Initial conditions consisted of 10% methanol, followed by a linear
increase to 90% methanol at 40 min, reduced to 10% at the end of the 50 min analysis time,
and the column was then equilibrated at 10% methanol for 10 min. The mobile phase flow
rate was kept at 1 mL·min−1.

2.3. Chemical Characterization
2.3.1. Polyphenol Determination

The Folin–Ciocalteu reagent (Sigma Chemical Inc., St. Louis, MO, USA) was used to
determine the content of the phenolic compounds in broccoli. A total of 0.1 g of broccoli
powder was taken and suspended in 3 mL of an 80% methanol solution and the extraction
process was performed for 1 h, followed by centrifugation of the homogenate at 10,000× g
and 4 ◦C for 20 min. The supernatant was collected, and the precipitate underwent an
extraction process for a second time in the same manner as described above. The two
supernatants were combined and used as the crude extract. A total of 60 μL of extract
and 60 μL of Folin–Ciocalteu reagent were mixed with 480 μL of water and was placed
in the dark and allowed to react for 90 min. The change in absorbance was measured at a
wavelength of 760 nm. The concentration of the TPC is expressed in GAE mg·g−1. Gallic
acid (Sigma Chemical Inc., St. Louis, MO, USA) was used as a standard for plotting the
standard curve [21].

2.3.2. Flavonoid Determination

The sample extraction was performed, as described above, for the flavonoid content
determination. The supernatants of the two extractions were combined and used as the
crude extract. A total of 150 μL of the extract was dissolved in 450 μL 95% ethanol, a
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30 μL 10% aluminum chloride solution (AlCl3) (Thermo Fisher Scientific Inc., Waltham,
MA, USA), 30 μL potassium acetate (Merck KGaA, Darmstadt, DA, Germany), and 840 μL
water, and allowed to react at 25 ◦C for 30 min. Then, the change in absorbance was
measured at a wavelength of 415 nm. The standard curve was plotted using quercetin as a
standard, and the concentration is expressed as QuE mg·g−1 [22].

2.3.3. Vitamin C Determination

A total of 0.05 g broccoli powder was dissolved in 0.95 μL ddH2O (double-distilled
H2O) to yield a 20-fold diluted solution. A reflectometer (Merck KGaA, Darmstadt, Ger-
many) along with its Ascorbinsaure-test (Reflectoquant®116981) was used to determine
the content of vitamin C in the solution. The concentration is expressed as mg·g−1.

2.4. Enzyme Activity Assays
2.4.1. Myrosinase Activity

The experimental method followed is performed as described by Yuan et al. (2010) [23],
Li et al. (2008) [24], and Zhao et al. (2008) [25], with slight modifications. A total of 0.05 g of
broccoli powder was dissolved in 0.45 g of water, and then 1.8 mL of MES buffer (50 mM,
pH 6.0) was added and the mixture was extracted with shaking for 5 min and centrifuged
at 10,000× g and 4 ◦C for 10 min, and the supernatant was collected. A total of 100 μL
of 1 mM glucoraphanin (USBiological Inc., Salem, MA, USA) was mixed with 20 μL of
supernatant and allowed to react at 40–60 ◦C for 15 min. Then, 240 μL of DNS reagent
(Sigma Aldrich Inc., St. Louis, MO, USA) was added and the reaction was carried out at
100 ◦C for 5 min, and then immediately cooled by placing it in an ice bath. After cooling to
room temperature, 720 μL of water was added and mixed well, and a spectrophotometer
was used to measure absorbance change at a wavelength of 540 nm. A standard curve was
made using glucose solution as standard and the concentration was expressed as μmol
glucose (Sigma Aldrich Inc., St. Louis, MO, USA) produced per min (μmol·g−1·min−1).

2.4.2. Ascorbate Peroxidase (APX) Activity

The APX activity measurements were performed as described by Chen and Liu
(2012) [26], with slight modifications. A total of 10 mL extraction solvent (containing
100 mM KH2PO4 (J.T. Baker Chemical Inc., Oklahoma, PA, USA), pH 7.8; 1% Triton X-
100 (Sigma Chemical Inc., St. Louis, MO, USA); 1 mM EDTA-Na2 (Sigma Chemical Inc.,
St. Louis, MO, USA) was added to 0.5 g broccoli powder and the mixture was centrifuged at
10,000× g and 4 ◦C for 20 min. Then, the supernatant was collected, with the enzyme extract
at 0.047–0.077 mg/g protein, and the protein content was determined by the Bradford
method, with the standard curves prepared using BSA. A 0.5 mL KH2PO4 (250 mM, pH 7),
0.05 mL EDTA-Na2 (0.5 mM), 0.2 mL H2O2 (10 mM), 0.2 mL ascorbic acid (Honeywell
Riedel-de Haen, Seelze, Germany), and 0.05 mL enzyme extract was sequentially added to
the quartz tube, and the changes in absorbance were measured immediately after mixing at
a wavelength of 290 nm within 5 min. The APX activity was calculated using the extinction
coefficient of H2O2 (2.8 mM−1 cm−1) and the enzyme activity was expressed in units of
mmol ascorbate min−1 mg−1 protein.

2.4.3. Peroxidase (POD) and Polyphenol Oxidase (PPO) Activities

The enzymatic activities of these two enzymes were determined as described by Yang
(2016) [27], with slight modifications. A total of 0.5 g of broccoli powder was added to 10 mL
of a 0.2 M sodium phosphate buffer solution (pH 6.5) containing 1% PVPP (Sigma Chemical
Inc., St. Louis, MO, USA), mixed well; the extraction was conducted by continuous shaking
for 5 min, followed by centrifugation at 4 ◦C and 10,000× g for 20 min. The supernatant
was collected and used as the enzyme extract. Peroxidase activity was determined by
mixing 25 μL of the extract with 2.7 mL of a sodium phosphate buffer (pH 6.5), 200 μL
of 1% p-phenylenediamine (Sigma Chemical Inc., St. Louis, MO, USA), and 100 μL of
1.5% hydrogen peroxide (Honeywell Riedel-de Haen, Seelze, Germany), measuring the
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absorbance at a wavelength of 485 nm every min for 10 min. Polyphenol oxidase activity
was determined by mixing 100 μL of the enzyme extract and 3 mL of 0.15 M catechin
(Sigma Chemical Inc., St. Louis, MO, USA), measuring the change in absorbance at a
wavelength of 420 nm every min for 10 min. The activity of the two enzymes is expressed
in the units of absorbance change per min (ΔA·min−1).

2.5. Cell Culture

RAW264.7 mouse macrophages were purchased from the Bioresources Collection
and Research Center (BCRC) of the Food Industry Research and Development Institute
(Hsinchu, Taiwan). The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Thermo Fisher Scientific Inc., Waltham, MA, USA), containing 10% fetal bovine serum
(FBS) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and NaHCO3 (Merck KGaA,
Darmstadt, Germany), and placed in a 37 ◦C incubator containing 5% carbon dioxide (CO2)
for growth.

2.6. Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTS) assay is a
method for evaluating the toxicity of target substances to cells. Cells were seeded in a
96-well plate at 1 × 104 cells per well (cells·mL−1), allowed to grow for a day, and then
were treated with LPS (2 μg·mL−1) and the broccoli extract and allowed to react for a
further 24 h. The medium was then changed and CellTiter 96® AQueous (Promega Co.,
Madison, WI, USA) One Solution was added, followed by the incubation of the cells for
1 h. Then, the change in absorbance was measured at a wavelength of 490 nm.

2.7. Measurement of Nitric Oxide (NO) Production

NO production was indirectly assessed by measuring the nitrite levels in the cultured
media and serum determined by a colorimetric method based on the Griess reagent (Bio-
Vision, Milpitas, CA, USA). Briefly, the cells were seeded in a 24-well plate at 1 × 105 cells
per well (cells·mL−1). After culturing for 24 h, the positive control group and the treatment
group were first activated with LPS and treated with DMEM (Thermo Fisher Scientific
Inc., Waltham, MA, USA) or the broccoli extract. The cells that were not activated with
LPS for 24 h served as the control group. A total of 100 μL of cell culture medium was
added to a 96-well plate and a similar volume of Griess reagent was added. The mixture
was allowed to react at room temperature for 10 min, and the absorbance was measured at
a wavelength of 550 nm. NaNO2 (Sigma Chemical Inc., St. Louis, Louis, MO, USA) was
used as a standard to plot a standard curve, and the inhibitory effect was expressed as a
percentage.

2.8. Measurement of PGE2 Content

Cells were seeded in a 24-well plate at 1 × 105 (cells·mL−1) cells per well, and allowed to
grow for 24 h. The medium was changed and LPS and the broccoli extract (5, 10, 20, 40, and
60 ppm) were added and allowed to react for a further 24 h. The Prostaglandin E2 ELISA Kit
(Cayman Co., Ann Arbor, MI, USA) commercial kit was used to determine the PGE2 content
of the RAW264.7 macrophage supernatants, as per the manufacturer’s instructions.

2.9. Expression Levels of iNOS and COX-2
2.9.1. Total Cellular RNA Extraction

RAW264.7 macrophages were seeded onto a 24-well plate and cultured for 24 h. The
medium was removed, and the samples were treated with different concentrations (5, 10, 20,
40, and 60 ppm) of broccoli extract for one day, depending on the experimental treatment,
and washed twice with 1 × PBS. An appropriate amount of Trypsin-EDTA was added to
detach the cells, and the cells were collected in a microcentrifuge tube and centrifuged at
500× g for 5 min. The supernatant was removed, and 1-thioglycerol/homogenization solu-
tion and lysis buffer were sequentially added to the cell suspension as per the instructions
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of the Maxwell® RSC simplyRNA Cells Kit (Promega Co., Madison, WI, USA). Total RNA
was extracted using the Maxwell® RSC Instrument.

2.9.2. RT-PCR Analysis

Extracted RNA was reverse transcribed into cDNA using GoScriptTM Reverse Tran-
scription Mix (Promega Co.„ Madison, WI, USA) and oligo (dT) primers, and then PCR
was performed using GoTaq® Green Master Mix (Promega Co., Madison, WI, USA). The
resulting product was subjected to gel electrophoresis in 1% agarose (Amresco Inc., Solon
Ind. Pkwy., Solon, OH, USA) and 0.003% HealthyView nucleic acid stain (Genomics, Taipei,
Taiwan) for analyzing the size of the specific fragments, and GeneTools 4.3.7 software was
used to quantify and compare the fragments in the gel. The following primers were used:
iNOS forward, 5′-AAT GGC AAC ATC AGG TCG GCC ATC ACT-3′, reverse, 5′-GCT GTG
TGT CAC AGA AGT CTC GAA CTC-3′; COX-2 forward, 5′-GGA GAG ACT ATC AAG
ATA GT-3′, reverse, 5′-ATG GTC AGT AGA CTT TTA CA-3′; β-actin forward, 5′-TCA TGA
AGT GTG ACG TTG ACA TCC GT-3′, reverse, 5′-CCT AGA AGC ATT TGC GGT GCA
CGA TG-3′ (Mission biotech, Taipei, Taiwan).

2.9.3. GSH/GSSG Ratio

The GSH/GSSG-Glo™ assay (Promega Co., Madison, WI, USA) was used to measure
the ratio. RAW264.7 cells were cultured in a 96-well plate containing a medium. After
3 h, the old medium was removed, and either DMEM (control group), 2 μg·mL−1 LPS
(positive control group), or broccoli extract with different concentrations of SFN were
added, and the cells were cultured for 20 h. Total glutathione reagent (50 μL·well−1) or
oxidized glutathione reagent (50 μL·well−1) was added to each well and shaken for 5 min.
In addition, the glutathione standard was diluted into 8 different concentrations by a
2-fold serial dilution method, and the total glutathione reagent (50 μL·well−1) was added.
Luciferin generation reagent (50 μL·well−1) was added to each treatment group and the
standard group and mixed well and incubated at room temperature for 30 min. Next, the
luciferin detection reagent (100 μL·well−1) was added and allowed to stand for 15 min,
and the luminescence was measured (integration time = 0.3 s). The GSH/GSSG ratio is
calculated as follows: ratio GSH/GSSG treated = (μM total glutathione treated – (μM GSSG
treated × 2))/μM GSSG treated.

2.9.4. Statistical Analyses

XLSTAT statistical software was used for analysis of variance (ANOVA). Differences in
the means between the groups of data were analyzed using Tukey’s test (Tukey’s Honestly
Significant Difference Test, Tukey’s HSD). The significance level was kept at p < 0.05.
Statistical results are expressed in lowercase English letters. Two sets of data marked
with completely different letters indicate a statistically significant difference; duplicate or
identical letters indicate a lack of a statistically significant difference between the data.

3. Results and Discussion

The calibration curves of sulforaphane (SFN) and erucin (ERN) were established by
HPLC analysis. The R2 value of SFN and ERN was 0.9994 and 0.9998, respectively, and
the elution time was 16 min and 35 min, respectively. Figure 1 displays the SFN and ERN
metabolite content of broccoli treated under different conditions. In the untreated broccoli
samples, the SFN content was measured to be 35.59 mg·100 g−1, and the ERN content
was 10.30 ± 0.21 mg·100 g−1. After microwave and hot water treatment, the content is
significantly reduced by at least 70%. However, in the high-pressure treatment group, the
SFN content increased significantly when the pressure range was kept between 200 and
400 MPa and increased with increasing pressures and treatment times. The highest content
was achieved in the group that underwent treatment at 400 MPa for 15 min, obtaining
the highest SFN content of 154.79 ± 7.64 mg·100 g−1. When the pressure was increased
to 600 MPa, the SFN content decreased. Similarly, the highest ERN content was achieved
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in the group with treatment at 400 MPa for 15 min, obtaining the highest ERN content
of 109.86 ± 7.45 mg·100 g−1. When the pressure was increased to 600 MPa, there was a
significant decrease in ERN content as the treatment time was increased.

Figure 1. The sulforaphane (SFN) and erucin (ERN) contents of broccoli under different conditions.
C: control (untreated); MW: microwave treatment (800 W, 3 min); H: hot water treatment (100 ◦C, 3 min).
The same symbols, noted as superscripts after the letter, means that the ANOVA performed is in the
same group. Bars carrying different letters are statistically different at p < 0.05.

Both SFN and ERN are isothiocyanates that are primarily produced by the glucosinolates–
myrosinase system. According to the literature, hot water soaks into cruciferous crops dur-
ing the cooking process, resulting in a 90% loss in glucosinolate and isothiocyanate content.
Microwave treatment also destroys myrosinase activity, which prevents glucosinolates
from being converted into isothiocyanate and lowers their content [28,29]. In the present
study, broccoli was treated with a non-thermal, high hydrostatic pressure of 400 MPa
for 15 min. The contents of both the isothiocyanates, SFN and ERN, in the broccoli were
significantly increased, but their content decreased when the pressure reached 600 MPa.
A study by Westphal et al. (2017) [5] indicated that an increase in pressure can promote
the disintegration of plant cell structures, releasing large quantities of myrosinase, which
then interacts with the glucosinolates to increase the isothiocyanate content. A study by
Eylen et al. (2009) [17] showed that myrosinase enzyme begins to inactivate with increasing
pressures. The rate of myrosinase inactivation increases when the pressure is increased
over 500 MPa, which reduces the amount of isothiocyanate produced.

All data are presented as the mean ± SD (n = 3). The same symbols, noted as a
superscript after the letter, means that the ANOVA performed is in the same group. Bars
carrying different letters are statistically different (p < 0.05).

Figure 2 indicates the changes in the functional components of broccoli after high-
pressure treatment. TPC is the most significant component before and after high-pressure
treatment. The initial TPC of broccoli was 4.73 ± 0.23 GAE mg·g−1. After high-pressure
treatment, the content increased to 7.28 ± 0.26 GAE mg·g−1, an increase of about 1.5-fold.
The content of flavonoids and vitamin C were not significantly altered after high-pressure
treatment, indicating that high-pressure processing can result in better nutrient retention in
foods. Vinicio et al. (2017) [30] reviewed numerous kinetic studies reporting the HPP effects
of phytochemicals focused on microstructural changes and found the effects of HPP on the
concentration of phenolic compounds are not clear and may either increase, decrease, or
not be affected by HPP. This might be due to the large and complex phenolics family that
exists in many forms in plants, some found as soluble conjugated glycosides, and some
found as insoluble forms typically bound to structural components of the polysaccharides
or proteins of the cell wall [31,32]. Different forms of phenolic compounds may react
differently under high-pressure treatments. Disruption of the cellular structure causes the
compartments to release their contents, and the disassociation of the phenolic compounds
from the bound polysaccharides or proteins is generally hypothesized to play a major role.
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However, the mechanisms by which phytochemicals are released from plant cells remain
mostly unknown [30]. Liu et al. (2020) [33] reviewed the current state of knowledge on the
internal factors that influence cell wall polysaccharides and polyphenol interactions. In that
article, many advanced instrumental analysis methods (ITC, TSC, DLS, NTA, NIR, NMR,
CLSM, etc.) were also introduced for the discovery of the exact interaction mechanism,
through studies of their morphology, chemical composition, and molecular architecture.

Figure 2. Content of the functional components in the untreated group (N-HPP) and high-pressure
group. (HPP-400 MPa, 15 min). Total phenol: GAE mg·g−1. Flavonoids: QuE mg·g−1. Vit C: mg·g−1.
All data are presented as the mean ± SD (n = 3). Bars carrying different letters on the same parameter
are statistically different (p < 0.05).

Hence, the content of flavonoids and vitamin C were not significantly altered by the
high-pressure treatment of broccoli, whereas TPC increased, indicating that a high hydro-
static pressure is effective in maintaining the heat-sensitive components. Comparisons
based on the contents of vitamin C and isothiocyanates showed that these two functional
components exhibited different tendencies, suggesting that the increase in isothiocyanate
content could be unrelated to vitamin C levels. The results of the present study are similar
to those of a study by Prasad et al. (2009) [34], in which high pressures were used to
extract these components from longan peels. Since high-pressure treatments can disrupt
the hydrophobic bonds in the cellular walls and cell membranes, thereby increasing the
rates of substance transfer and facilitating the penetration of solvents into cells, this leads
to an increase in the phenolic content. Rodríguez-Roque et al. (2015) [17] and Landl et al.
(2010) [35] indicated that vitamin C is a substance that is sensitive to environmental changes,
and its stability is easily affected by the presence of oxygen, heat, and heavy metals. High-
pressure treatment not only involves no heat, but also inhibits the activity of oxidases,
greatly reducing the loss of vitamin C. In addition, Tola and Ramaswamy (2015) [36] also
indicated that high-pressure processing does not destroy the covalent, hydrophobic, or
ionic bonds present in small molecule components, resulting in better nutrient retention
in food.

With respect to the analysis of enzymatic activities, the activities of the MYR, APX,
POD, and PPO enzymes were analyzed, and the results are indicated in Table 1. The activity
of MYR after high-pressure treatment was significantly higher than in the untreated group,
regardless of the blanching process, indicating that high-pressure processing can effectively
increase MYR activity. As a comparison with isothiocyanate content, these two values
exhibited a similar tendency of change, suggesting that high-pressure stimulation of MYR
activity increases isothiocyanate content. There was no significant difference in APX activity
after blanching, but after high-pressure treatment, the APX activity exhibited an increasing
tendency. This was not consistent with the values obtained for the vitamin C content,
suggesting that the increase in isothiocyanate content might not be related to changes in
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APX activity. The activities of PPO and POD were significantly reduced after blanching and
high-pressure treatment, indicating that both processing methods could inhibit oxidase
effectively and preserve food quality.

Table 1. Changes in enzyme activity in broccoli before and after high-pressure treatment.

Non-Blanched Blanched

Non Processed HPP Processed Non Processed HPP Processed

MYR (μmol·g−1·min−1) 165.75 ± 3.75 b 267.25 ± 28.75 c 123.50 ± 2.00 a 250.75 ± 15.75 c

APX (mM·min−1·mg−1 protein) 0.142 ± 0.002 a 0.324 ± 0.004 b 0.112 ± 0.011 a 0.361 ± 0.026 b

PPO (ΔA·min−1) 0.0067 ± 0.0003 d 0.0049 ± 0.000 c 0.0041 ± 0.0001 b 0.0025 ± 0.0001 a

POD (ΔA·min−1) 0.161 ± 0.007 d 0.148 ± 0.015 c 0.043 ± 0.002 b 0.021 ± 0.004 a

All data are presented as the mean ± SD (n = 3). Different letters in the same row indicate significantly different results (p < 0.05). MYR:
myrosinase; APX: ascorbate peroxidase; PPO: polyphenol oxidase; POD: peroxidase. The activity of the PPO and POD is expressed in the
units of absorbance change per min (ΔA·min−1).

The activity of the enzyme myrosinase after high-pressure treatment was significantly
higher than in the untreated group, and this increase in activity exhibited a tendency
similar to the change in isothiocyanate content, indicating that high-pressure processing can
promote myrosinase activation and thereby increase isothiocyanate production. Wang et al.
(2016) [37] and Okunade et al. (2015) [38] applied high-pressure treatment to measure the
myrosinase activity in Brussels sprouts and mustards, and their results were similar to that
of the present study. Furthermore, Wang et al. (2016) [37] indicated that myrosinase activity
is altered based on the environmental pH and that high-pressure treatment affects the
ionic balance in food, suggesting that environmental pH is more suitable for myrosinase
survival and thus improves the overall activity. The effects of high-pressure processing on
the enzymes’ activities are complex and depends a lot on the matrix composition of the
tested samples. Wang et al. (2018) [39] studied the high-pressure effects on myrosinase
activity and glucosinolate preservation in seedlings of Brussels sprouts and proposed
that the effect depends on myrosinase activity and cell permeabilization. The measurable
increase of myrosinase activity and content of isothiocyanates can be explained by the
interplay of the increased contact between the glucosinolates and myrosinase via membrane
permeabilization, induced by the high pressure and availability of myrosinase.

When compared to other enzymes, there were no significant differences in the APX
activity levels before and after blanching. This result is in accordance with a previous
study by Vicente et al. (2006) [40] in heat-treated strawberries. Their study indicated that
heat and oxidative stress induced an increased expression of the gene apx1 upstream of
APX, causing the activity of APX to be retained after heat treatment. APX activity was
significantly increased after high-pressure treatment. This was not consistent with the
vitamin C content changes, suggesting that an increase in isothiocyanate content might not
be related to changes in APX activity. Although the APX enzyme plays an important role
in vitamin C metabolism, the measurable content of vitamin C in HPP processed fruits and
vegetables is variable due to many possible mechanisms, such as the enhanced extraction
of bioactive compounds and the cells’ rupture that releases their cytosol content, caused by
the compression effect of the high pressure [41].

POD and PPO are oxidases commonly found in plant cells that primarily use phenolic
compounds as substrates. When these two enzymes interact with phenolic compounds,
brown colored substances are formed, causing enzymatic browning of plants. In addi-
tion, peroxidases are known to oxidize lipids, causing unpleasant odors that affect food
quality [42]. After high-pressure treatment of broccoli, the POD and PPO activities were
significantly reduced by 51% and 39%, respectively. According to previous studies by
Denoya et al. (2015) [43] and Fang et al. (2008) [44], high-pressure techniques can reduce
the activity of these enzymes by altering the structures of these proteins, and hence the
activities of POD and PPO are significantly reduced after high-pressure processing.
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Figure 3 shows the effect of the broccoli extract on the viability of RAW264.7 macrophages.
The control group was not induced by LPS or the given sample treatment, so its survival rate
was 100%. The LPS induction and sample treatment resulted in a higher cell viability compared
to the control group (Figure 3A). When different concentrations of SFN broccoli extract were
added to the cells without the effect of LPS, cell viability after treatment at every concentration
was significantly higher than that of the control group (Figure 3B). With LPS induction, cell
viability was not reduced by the increased extract concentration and was significantly higher
than that of the control group (Figure 3C).
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Figure 3. Cell survival rate. (A) Effects of the untreated group and high-pressure treated group.
�Con: control (not LPS induced); �P-C: positive control (LPS induced); �N-HPP: LPS induction
+ Non HPP untreated group; �HPP: LPS induction + high-pressure group, 400 MPa, 15 min. (B)
Effects of the broccoli extracts of different SFN concentrations without LPS induction. �Con: Control;
�HPP-5 (not LPS induced + 5 ppm broccoli extract). (C) Effects of the broccoli extracts of different
SFN concentrations. �Con: control (not LPS induced); �LPS:(LPS induced); �HPP-5 (LPS induced
+5 ppm broccoli extract). All data are presented as the mean ± SD (n = 3). Different letters in the
same row indicate significantly different results (p < 0.05).
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LPS is a polysaccharide present in the cell wall of Gram-negative bacteria. Its structure
contains lipid A, which is a source of endotoxin and can activate macrophages and cause
inflammation [45]. After LPS-induced inflammation, the cell viability was not decreased be-
low that of the control group. According to Brandenburg et al. (2010) [46], exposure to low
concentrations of LPS did not lead to cell death, but instead stimulated cell viability, so the
cell viability of the positive control group was higher than that of the control group. When
the broccoli extract was added to the cells, the viability of the treatment group was higher
than that of the control group regardless of whether inflammation was induced, indicating
that broccoli extract is not toxic to cells. This result is consistent with those of a study by
Hwang and Lim (2014) [12] in which different SFN concentrations (7.8–1000 mg·mL−1) of
the broccoli extract were added to RAW264.7 inflammatory cells. In addition, Guerrero-
Beltrán et al. (2010) [47] indicated that SFN could enhance cytoprotection by inducing
nuclear translocation of the Nrf2 protein, thereby improving viability.

The effect of broccoli extract addition to RAW264.7 inflammatory macrophages, and
specifically its effects on nitric oxide production, are shown in Figure 4. After the inflamma-
tory cells were treated with broccoli extract, the amount of NO produced was significantly
lower than in the positive control group, indicating that the extract has anti-inflammatory
potential. After high-pressure treatment, the effect of the extract on inhibiting NO produc-
tion was improved 1.3-fold compared to the untreated group (Figure 4A). Using SFN as an
indicator, the broccoli extract was diluted to 5, 10, 20, 40, and 60 mg.mL−1 and added to
the inflammatory cells. Figure 4B indicates that the inhibitory effect of the extract is at its
best when the concentration of SFN is 60 mg.mL−1 and the NO content is reduced by 85%
compared to the positive control group.
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Figure 4. Nitric oxide production. (A) Untreated group and high-pressure treated group. �Con:
control (not LPS induced); �LPS: (LPS induced); �N-HPP: LPS induction + Non HPP untreated
group; �HPP: LPS induction + high-pressure group, 400 MPa, 15 min. (B) Effects of the broccoli
extracts of different concentrations. �Con: control (not LPS induced); �P-C: positive control (LPS
induced); �HPP-5 (LPS induced + 5 ppm broccoli extract). All data are presented as the mean ± SD
(n = 3). Different letters in the same row indicate significantly different results (p < 0.05).
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NO is an important biological indicator in cells that can regulate the physiological
processes associated with inflammation [48]. Treatment of cells with LPS causes an in-
flammatory response, which promotes upregulation of iNOS in macrophages affected by
the inflammatory response, leading to a massive increase in the production of NO [49].
In the present study, the NO content in the cells was significantly reduced when treated
with broccoli extracts with different SFN concentrations, with higher SFN concentrations
yielding better inhibitory effects. The results of the present study are similar to those of
Subedi et al. (2019) [50], in which glial cells were treated with purified SFN. This study
indicated that SFN can effectively downregulate iNOS expression, thereby decreasing NO
production. Yang et al. (2007) [51] applied SFN to retinal microglia in which inflammation
was induced by LPS. The NO content decreased significantly when the concentration of
SFN was increased between 1.25 and 10 μM. Furthermore, it was observed that the changes
in iNOS expression were proportional to the NO content. These studies suggest that SFN
primarily reduces iNOS expression and NO production, thereby delaying inflammation.

All data are presented as the mean ± SD (n = 3). Different letters in the same row
indicate significantly different results (p < 0.05).

A pre-LPS induction and a post-LPS induction group were used to simulate the
treatment and prevention, respectively. Figure 5 shows the effect of the broccoli extract
on the prostaglandin E2 (PGE2) content in RAW264.7 inflammatory macrophages. After
LPS induction, the PGE2 content of the cells increased significantly, indicating that the
cells were in an inflamed state. After the addition of broccoli extract, the high-pressure
broccoli extracts inhibited PGE2 production compared to the untreated group (Figure 5A).
Regardless of the LPS induction strategy done first or later, once the broccoli extract was
diluted, the inhibitory effects on PGE2 was reduced both before and after LPS induction,
and the PGE2 content doubled compared to pre-dilution, indicating that the concentration
of SFN in the broccoli extract must be higher than 60 mg·mL−1 in order for the inhibitory
effect to be significant (Figure 5B).

PGE2 is one of the most abundant prostaglandins in the human body and is involved
in many physiological and pathological processes, including cancer and inflammation [52].
Upon LPS induction, COX is rapidly activated in cells, prompting the conversion of
large amounts of arachidonic acid into prostaglandins (PG), including PGI2, PGE2, and
other molecules, which lead to inflammation. A large amount of PGE2 is present after
LPS-induced inflammation. The PGE2 content is significantly reduced after addition of
high-pressure-treated broccoli extracts, and this effect is greater than in the untreated
group. However, when the extract is diluted to different SFN concentrations, the inhibitory
effect on PGE2 exhibited a decreasing tendency. Park et al. (2019) [53] treated cells with
LPS-induced inflammation with broccoli extracts and found that the PGE2 content was sig-
nificantly reduced, which is similar to the findings of the present study. Qi et al. (2016) [54]
used LPS to induce lung injury in BALB/c mice that were previously treated with SFN and
found that the PGE2 content in these mice were significantly reduced, indicating that SFN
has the potential to delay inflammation. In addition, these two studies also indicated that
the amounts of PGE2 produced are correlated with the COX-2 expression levels, suggesting
that SFN primarily inhibits PGE2 by reducing COX-2 expression.

Figure 6 shows the effect of broccoli extracts on iNOS and COX-2 in inflammatory
cells. After the cells were treated with broccoli extracts, the expression level of iNOS was
lower than in the positive control group, with the post-induction group, treated with a SFN
concentration of 60 mg.mL−1, exhibiting the best inhibitory effect on iNOS, around 61%.
With regards to COX-2 expression, the changes in expression levels were similar to that in
iNOS, and the pre-LPS induction group exhibited a significant concentration-dependent
effect, with expression decreasing with increasing SFN concentration. In addition, both in-
duction treatment strategies exhibited the best inhibitory effects on COX-2 gene expression
at a concentration of 60 mg.mL−1, and the inhibitory effects were measured to be 46% and
35%, respectively.
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Figure 5. PGE2 content. (A) Untreated group and high-pressure-treated group. �C: control, �P-C:
positive control (LPS induced); �N-HPP: LPS induction + Non HPP untreated group; �HPP: LPS
induction + high-pressure group, 400 MPa, 15 min. (B) Broccoli extracts of different concentrations,
pre-/post-LPS treated. �C: control (not LPS induced); �P-C: positive control; �5-B broccoli extracts
5 ppm, pre-LPS treated; �5-A broccoli extracts 5 ppm, post-LPS treated. All data are presented as the
mean ± SD (n = 3). Different letters in the same row indicate significantly different results (p < 0.05).

iNOS is an upstream enzyme that produces nitric oxide, and COX-2 is a pivotal
enzyme for the production of PGE2. Inflammation stimulates increased expression of
both enzymes and promotes production of large amounts of inflammatory cytokines [55].
Many studies have found that excessive expression of iNOS and COX-2 causes massive
production of inflammatory factors such as NO and PGE2. SFN can effectively inhibit
the expression of these two proteins, thereby regulating inflammatory response [56–59].
In the present study, applying high-pressure-treated broccoli extracts to inflammatory
macrophages had the best inhibitory effect on iNOS or COX-2 when the SFN concentration
was 60 mg.mL−1. Comparisons based on the results of iNOS and COX-2 inhibition with
NO production and PGE2 content showed that the changes in iNOS and NO production
were correlated, which is consistent with the results of the aforementioned studies, but
the COX-2 and PGE2 content were different. Cells contain two COX isoenzymes, namely,
COX-1 and COX-2. COX-1 functions primarily as a housekeeping gene and can stabilize
the physiological functions of cells. COX-2 is generally considered to be activated by
inflammation. However, studies related to neurodegenerative diseases and neuroinflam-
mation have found that the expression levels of COX-1 is associated with the production of
PGE2 and inflammatory cytokines in microglia, showing that COX-1 not only stabilizes cell
physiology, but also promotes inflammation [60,61]. In addition, Qin et al. (2016) [62] and
Zhou et al. (2012) [52] found that the mechanism of SFN inhibition of PGE2 content might
be achieved through regulating the expression of microsomal prostaglandin E synthase
1 (mPGES-1) downstream of COX-2, rather than by inhibiting COX-2 expression. These
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studies suggest that, in addition to COX-2, the factors affecting the synthesis of PGE2 are
also regulated by COX-1 and mPGES-1, resulting in differences in the COX-2 expression
levels and PGE2 content.

Figure 6. Effects of different extracts of broccoli on the iNOS, COX-2, and β-actin gene expression in RAW264.7 macrophage
cells. C: control; P-C: positive control; 5-B: broccoli extracts 5 ppm, pre-LPS treated; 5-A: broccoli extracts 5 ppm, post-LPS
treated. All data are presented as the mean ± SD (n = 3). The same symbols, noted as superscripts after the letter, means
that the ANOVA performed is in the same group. Bars carrying different letters are statistically different at p < 0.05.

The antioxidant effect of broccoli was evaluated by the ratio of reduced to oxidized
glutathione (GSH/GSSG) in cells. Figure 7 shows that the GSH/GSSG ratio of the control
group not induced by LPS was 9.90, whereas this ratio (5.99) was significantly reduced in
the positive control group treated with only LPS. In the LPS pre-induction group, the ratio
was significantly higher than that of the positive control group when the SFN concentration
was 5 mg.L−1 and 10 mg.L−1. The antioxidant effect was best when the SFN concentration
was 10 mg.L−1, with a GSH/GSSG ratio of 9.41.

Glutathione (GSH) is an important indicator of oxidative/nitrative stress in organ-
isms. It can metabolize ROS and RNS to clear potentially toxic oxidation products and
reduce oxidative and nitrative damage in cells. In addition, GSH is also a coenzyme of
glutathione peroxidase, which protects the sulfhydryl group of this enzyme from oxidation
and preserves its activity [63]. Oxidation of GSH yields glutathione disulfide (GSSG), and
the alterations in the ratio between these two are associated with redox balance in cells.
Hence, the GSH/GSSG ratio is often used as an indicator to evaluate the degree of cellular
oxidation [64]. In our present study, the GSH/GSSG ratio was significantly reduced, which
is consistent with the results of a previous study by Yamada et al. (2006) [65] regarding n
dendritic cells induced with LPS. The literature indicates that ROS is generated in large
quantities when cells are in an inflamed state, which reduces the GSH/GSSG ratio. When
treated with broccoli extracts with different SFN concentrations, the antioxidant effect is
best at an SFN concentration of 5 mg.L−1 or 10 mg.L−1, which is consistent with the results
of studies by Kim et al. (2003) [66] and Heiss et al. (2001) [67], who respectively used
HepG2-C8 cells and RAW264.7 macrophages for analyzing oxidative stress. After treatment
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with low concentrations of SFN, the GSH content in the cells increased with increasing
time in culture, and the antioxidant capacity of the cells was significantly improved.

Figure 7. Effects of the broccoli extracts with different SFN concentrations on the ratio of GSH/GSSG in RAW264.7
macrophages. All data are presented as the mean ± SD (n = 3). Different letters in the same row indicate significantly
different results (p < 0.05).

4. Conclusions

This study demonstrated that high-pressure treatment could effectively increase the
isothiocyanate content in broccoli. Specifically, the best results were achieved with pro-
cessing conditions of 400 MPa for 15 min. The mechanism for this change is primarily due
to the high-pressure processing strategy, which stimulates myrosinase activity, thereby
increasing the efficiency of the glucosinolate hydrolysis and increasing the isothiocyanate
content. With regards to the functional components, high-pressure processing did not
affect the vitamin C or flavonoid content in broccoli, and increased the TPC. When com-
pared to traditional thermal processing, high-pressure processing can prevent the loss of
heat-sensitive components. In addition, the activity of PPO and POD in broccoli tended to
decrease after being subjected to high-pressure treatment, indicating that this processing
technique can help inhibit oxidase activity and maintain food quality. With respect to
cellular experiments, the varying concentrations of the broccoli extracts applied to the
cells did not affect the viability of the RAW264.7 macrophages. Further evaluation of its
anti-inflammatory and antioxidant effects showed that broccoli extracts could effectively
inhibit NO production, PGE2 content, and iNOS and COX-2 protein expression levels.
At low concentrations, SFN significantly increased the GSH content and reduced GSSG
production, indicating that broccoli has the potential to delay inflammation and reduce
oxidative stress. In conclusion, high-pressure processing of broccoli not only adds value
to fresh food and provides increased nutritional value, but also allows it to be used as a
raw material or additive for the development of healthy foods, in so doing maximizing the
utilization value of broccoli.
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Abstract: This work aimed to evaluate the effects of N2-assisted high-pressure processing (HPP,
400 MPa/7.5 min and 500 MPa/7.5 min) on the microorganisms and physicochemical, nutritional,
and sensory characteristics of fresh-cut bell peppers (FCBP) during 25 days of storage at 4 ◦C. Yeasts
and molds were not detected, and the counts of total aerobic bacteria were less than 4 log10 CFU/g
during storage at 4 ◦C. The total soluble solids and L* values were maintained in HPP-treated FCBP
during storage. After the HPP treatment, an 18.7–21.9% weight loss ratio and 54–60% loss of hardness
were found, and the polyphenol oxidase (PPO) activity was significantly inactivated (33.87–55.91% of
its original activity). During storage, the weight loss ratio and PPO activity of the samples increased
significantly, but the hardness of 500 MPa/7.5 min for treated FCBP showed no significant change
(9.79–11.54 N). HPP also effectively improved the total phenol content and antioxidant capacity of
FCBP to 106.69–108.79 mg GAE/100 g and 5.76–6.55 mmol Trolox/L; however, a non-negligible
reduction in total phenols, ascorbic acid, and antioxidant capacity was found during storage. Overall,
HPP treatments did not negatively impact the acceptability of all sensory attributes during storage,
especially after the 500 MPa/7.5 min treatment. Therefore, N2-assisted HPP processing is a good
choice for the preservation of FCBP.

Keywords: bell peppers; high-pressure processing; fresh-cut bell peppers; nitrogen-assisted; storage
quality; structural damage

1. Introduction

Bell peppers (or sweet peppers), a cultivar group of the species Capsicum annuum L., are
characterized by their blocky shape, attractive color, and mild taste. Bell peppers contain
extremely high levels of the antioxidants vitamin C and E. Furthermore, they contain
moderate to high amounts of phenolics, flavonoids, and carotenoids, and capsanthin, lutein,
and cryptoflavin have been found in peppers [1,2]. The consumption of these bioactive
compounds provides the human body with protection against oxidative damage, thus
reducing the incidence of degenerative diseases. Currently, the fresh market consumption
of bell peppers is becoming increasingly popular, mainly attributed to their availability in
a wide variety of shapes, sizes, colors, and distinctive flavors [3].

For the convenience of food preparation processes in restaurants and fast-food indus-
tries worldwide and personal consumption, numerous fruits and vegetables are packaged
according to the process of fresh cutting [4]. Compared with fresh vegetables, fresh-cut
vegetables are ready to eat without further treatment and are still in their fresh state, keep-
ing all the advantages of fresh vegetables (e.g., color, shape, and nutrition). The market
demand for fresh-cut vegetables has grown rapidly because of their health benefits and
convenience. However, the short shelf life of fresh-cut vegetables is an undesirable problem,
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which needs to be addressed [5]. Respiration is well known as an important metabolic
process, which causes the deterioration of fruits and vegetables both after harvest and
during food processing, and throughout the storage time. Hence, in order to reduce the
respiration rate and maintain the quality of vegetables, lowing the temperature of storage
(i.e., cold storage and cold-chain) and decreasing the O2 level in packaged vegetables are
recommended [6]. Additionally, N2 is widely used in packaged food processing, thereby
helping to isolate O2 and retard oxidative processes and the growth of aerobic spoilage
microorganisms [7]. Overall, the modification of the gaseous composition in food packag-
ing has been demonstrated to reduce the physical–chemical deterioration and prolong the
shelf life of packaged food.

As a successfully commercialized non-thermal technology, high-pressure processing
(HPP) achieves a remarkably good sterilization effect and ensures that the original flavor
and nutritional value of packaged products are retained [8,9]. Compared with traditional
sterilization, HPP technology is less time-consuming and can maintain the nutritional value
and delicate sensory properties of fruits and vegetables, owing to its restricted effect on the
covalent bonds of low-molecular-mass compounds [10]. When it comes to the applications
of HPP, the improved physiochemical and storage qualities of frozen albacore tuna [11],
broccoli hummus [12], and multi-fruit smoothies [13] were reported. However, similar to
other agricultural produce, bell peppers are highly susceptible to spoilage, especially after
a series of fresh-cutting processes, and their quality tends to deteriorate. [14]. A previous
study found that the storage of peppers under 5 kPa O2 + 5 kPa CO2 greatly reduced the
ion leakage, controlled soft rotting, delayed softening, and maintained a lower metabolic
activity of fresh-cut peppers [15]. Meanwhile, there has been little discussion about the
application of HPP combined with N2 on the shelf-life of fresh-cut bell peppers.

Therefore, this study was conducted to evaluate the impact of the N2-assisted HPP
treatment of fresh-cut bell peppers (FCBP) on the microorganisms, physicochemical prop-
erties, antioxidant capacity, and sensory quality after processing and during storage, to
preserve the quality and enhance the shelf life of FCBP.

2. Materials and Methods

2.1. Chemicals

Folin–Ciocalteu, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tri-2-pyridyl-1,3,5-triazine
(TPTZ), 7,8-tetramethyl-chroman-2-carboxylicacid (Trolox), and ascorbic acid were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Guaiacol was supplied by Sinopharm
Chemical Reagent (Shanghai, China). Acetonitrile of HPLC grade was purchased from
Merck(Darmstadt, Germany). N2 (99.999%) gases were purchased from Beijing Beiwen
Gas Co., Ltd. (Beijing, China). Other analytical-grade chemicals were provided by Beijing
Chemicals Co., Ltd. (Beijing, China).

2.2. Preparation of FCBP

Red bell peppers (Capsicum annuum L.) at commercial maturity were purchased from
a local market in Beijing (China) and washed for 3 min in distilled water. The cleaned
peppers had their stems and seeds removed then were sliced into 3 cm × 3 cm with a
ceramic knife and drained off for 3 min. A total of 200 g of pepper was packed in square
plastic boxes (16 cm × 10 cm × 4 cm), covered with polyethylene (PE) film, then filled with
99.999% N2 using an atmosphere packaging machine (Dajiang Mechanical Equipment Co.,
Ltd., Wenzhou, China). The packed samples were temporarily stored at 4 ◦C until they
were treated by HPP within 3 h. In the present study, both the untreated and HPP-treated
samples were packed with N2 and the subsequent discussion will focus on the impact of
different HPP treatments on the qualities of FCBP with the assistance of N2.

2.3. HPP Treatments

High-pressure processing was carried out with HPP equipment (30.0 L, Baotou Kefa
Co., Ltd., Inner Mongolia, Baotou, China) at room temperature (25 ± 2 ◦C). The pressuriza-
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tion rate was about 120 MPa/min and the pressure was immediately released to 0.1 MPa
(<3 s) after treatment. The pressure-transmitting fluid was distilled water. The treatment
time did not include the pressure increase and the releasing time.

According to our pre-experiment, yeasts and molds (Y&M) were not detected in
FCBP treated by 400 MPa/7.5 min (HPP-400) and 500 MPa/7.5 min (HPP-500) and the
counts of total aerobic bacteria (TAB) were less than 3.00 log10 CFU/g, which also had
a better performance in sensory evaluation compared to other HPP processing methods
(300/400/500 MPa with 1/2.5/5/7.5 min, Table 1). Therefore, the samples were processed
by HPP-400 and HPP-500 treatments in this study.

Table 1. Sensory evaluation of fresh-cut peppers by high-pressure processing (HPP) treatment.

HPP Process
Color Flavor Texture Appearance Overall

AcceptabilityPressure (MPa) Holding Time (min)

Untreated - 4.20 ± 0.62a 3.90 ± 0.99a 4.20 ± 0.63d 4.40 ± 0.52d 4.50 ± 0.53c

300

1 3.78 ± 0.67a 4.11 ± 1.17a 3.44 ± 0.73cd 4.33 ± 0.71d 3.67 ± 0.71b
2.5 3.78 ± 0.83a 3.22 ± 1.39 3.78 ± 0.67abc 3.56 ± 1.24abcd 3.22 ± 0.67ab
5 3.44 ± 1.33a 3.00 ± 1.00a 2.56 ± 0.53ab 2.78 ± 1.20a 3.11 ± 0.78ab

7.5 3.78 ± 0.67a 3.44 ± 0.88a 3.78 ± 0.67cd 4.00 ± 1.12bcd 3.50 ± 0.50ab

400

1 3.78 ± 0.83a 3. 33 ± 1.00a 3.22 ±
0.67bcd 4.11 ± 0.78cd 3.50 ± 0.50ab

2.5 3.33 ± 1.12a 3.11 ± 1.17a 2.56 ± 0.53ab 3.11 ± 1.17abc 3.00 ± 0.50ab
5 3.33 ± 1.23a 3.00 ± 1.32a 2.33 ± 0.50a 3.11 ± 1.17abc 2.78 ± 0.97a

7.5 4.22 ± 0.67a 3.44 ± 0.88a 3.78 ± 0.97cd 4.33 ± 0.87d 3.72 ± 0.67b

500

1 4.11 ± 1.05a 3.22 ± 1.20a 3.33 ± 0.71cd 4.33 ± 0.87d 3.67 ± 0.50b
2.5 3.33 ± 1.12a 3.00 ± 1.58a 2.33 ± 0.50a 3.00 ± 1.12ab 3.00 ± 0.71ab
5 3.56 ± 1.10a 2.89 ± 1.05a 2.33 ± 0.87a 2.89 ± 1.17a 2.78 ± 0.67a

7.5 3.44 ± 0.88a 2.89 ± 1.17a 3.00 ± 1.00abc 4.11 ± 0.78cd 2.83 ± 1.00a

All data were the mean ± S.D., n = 3. Values with different letters within one column are significantly different (p < 0.05). -, represents the
pressure holding time of untreated groups was zero.

2.4. Storage Conditions

The untreated and HPP-treated samples were stored at 4 ◦C in the dark. Sample
analyses were carried out at 0, 4, 8, 12, 16, 20, and 25 days of storage. After 8 days, the
untreated samples were badly spoilt and not able to be analyzed for quality parameters.

2.5. Microbiological Analysis

When counting the viable microorganisms in samples, the total plate count method
was applied [16]. A homogenizer bagmixer 400 (Interscience, Mourjou, France) was used
to homogenize 25 g of samples and 225 mL of sterile normal saline (0.85% sodium chloride).
The obtained pepper suspensions were serially diluted in sterile saline solution and plated
in triplicate on nutritional agar for TAB counts at 37 ◦C for 48 ± 2 h and on the rose
bengal medium for Y&M at 28 ◦C for 72 ± 2 h. After proper incubation, all the colonies
were counted.

2.6. Physicochemical Characteristics Analysis

A GT6G7 juice extractor (Zhejiang Light Industry Machinery Co., Ltd., Zhejiang,
China) was used to prepare FCBP pulp for pH, total soluble solids (TSSs), and weight loss
ratio measurements.

The pH value was measured in triplicate at 25 ± 2 ◦C with a Thermo Orion 868 pH
meter (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

An Abbe refractometer (WAY-2S, Shanghai Precision and Scientific Instrument Co.,
Shanghai, China) was used to detect the total soluble solids (TSSs) at 25 ± 2 ◦C. The final
results were reported as ◦Brix [16].
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To analyze the weight loss ratio, the weights of untreated and HPP-treated samples
were measured, respectively [17]. The weight loss ratio was calculated using Equation (1)
as follows:

Weight loss ratio (%) =
m0 − m1

m0
× 100%, (1)

where m0 indicates the weight of untreated FCBP and m1 indicates the weight of HPP-
treated samples during storage.

2.7. Color Assessment

The color assessment was evaluated at 25 ± 2 ◦C using a color measurement spec-
trophotometer (Hunter Lab Color Quest XE, Hunter Associates Laboratory, Inc., Reston,
VA, USA) in the reflectance mode. The standard illuminant source inside the instrument
(type of light source: D65) was used. Samples of crushed FCBP were loaded into a quartz
cuvette (50 mm diameter), carefully removing air bubbles, and placed under the measuring
aperture of the spectrophotometer [18]. The color of FCBP was expressed in L*, a*, and
b* values. The total color difference ΔE is a parameter that describes the overall color
difference of HPP-treated samples compared to the reference sample. It was calculated
using Equation (2) as follows:

ΔE = 2

√[
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

]
, (2)

where ΔL* = (L*1 − L*0); Δa* = (a*1 − a*0); and Δb* = (b*1 − b*0). Subscript “0” indicates the
color value for the reference sample (untreated FCBP at day 0) and subscript “1” indicates
the color value for the sample being analyzed. All the measurements were conducted ten
times, and the results were averaged.

2.8. Texture Profile Analysis

The texture profile analysis was valued by a texture analyzer (TX-XT Plus, Stable
Micro System, Scarsdale, NY, USA) to evaluate the hardness of FCBP, following the
method of Tangwongchai et al. [19] with some modifications. Each sample was cut into
a 10 mm × 10 mm × 3 mm size for testing and was axially compressed two times to 30%
of the original height with a 38 mm cylinder probe at a pretest speed of 1 mm/s, a test
speed of 1 mm/s, and a post-test speed of 2 mm/s. Ten determinations were performed for
each treatment. From the resulting force–time curves, the hardness (N) parameters were
obtained and the average hardness values were calculated.

2.9. Determination of Total Phenols

The FCBP was ground and filtered, then the pepper pulp was centrifuged (GR21G,
Hitachi Koki Co., Ltd., Tokyo, Japan) at 8000× g for 15 min at 4 ◦C. The supernatant was
gathered and diluted 10 times with distilled water for further analysis.

Total phenols were evaluated according to Ryu and Koh [20] with slight modifications.
A total of 0.1 mL of diluted sample was mixed with 2 mL of the Folin–Ciocalteu reagent
(previously diluted 10-fold with distilled water). After being incubated for 5 min, 1.8 mL
of 7.5% Na2CO3 (m/v) solution was added. After 1 h, the absorbance of the mixture was
measured at 765 nm. (UV-726, Shimadzu, Shanghai, China). The results were expressed as
the milligrams of gallic acid equivalent per 100 g of FCBP (mg GAE/100 g).

2.10. HPLC Analysis of Ascorbic Acid

For the extraction and analysis of ascorbic acid in FCBP, the method was proposed
by Cao et al. [21] with modifications. A total of 2 g of the ground FCBP flesh was mixed
with 4 mL of metaphosphoric acid (2.5%) and diluted to 10 mL using distilled water after
filtration. After passing through a 0.45 μm cellulose nitrate membrane, the FCBP was ready
for testing.
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Ascorbic acid was separated and detected by a liquid chromatograph (LC-20AT)
equipped with a UV-Vis detector (SPD-20AV) from Shimadzu Corporation (Kyoto, Japan).
The separation was performed using Sunfire TM C18 from Waters (Milford, Massachusetts,
USA). The mobile phase was an isocratic solvent system consisting of 95.00% monopotas-
sium phosphate (50 mM, pH = 3.0) and 5.00% acetonitrile. The flow rate was 1.0 mL/min
and aliquots of 20 μm were injected. The detection was performed in absorbance mode at
245 nm. Whole analyses were conducted at room temperature (25 ± 2 ◦C). A calibration
curve was calculated using an external standard and used for quantification. Results were
expressed as milligrams of ascorbic acid per 100 g of FCBP.

2.11. PPO Activity Assay

The polyphenol oxidase activity of the samples was analyzed according to Cao
et al. [12], with some modifications. To extract the crude enzymes, 5 mL of FCBP flesh was
blended with 25 mL of phosphate buffer solution (0.2 M, pH 6.5) and then centrifuged
at 4000× g for 10 min at 4 ◦C. Crude enzymes were obtained from the supernatant after
centrifugation. Subsequently, 0.5 mL of crude enzymes was thoroughly mixed with 3 mL of
1.0% o-methoxyphenol (diluted with 0.2 M, pH 6.5 phosphate buffer solution) and 10 μL of
1.5% hydrogen peroxide. The absorbance of the mixed solution was recorded every 10 s for
5 min at 470 nm (UV-726, Shimadzu, Shanghai, China). The enzyme activity unit (U) was
defined as the change in absorbance of 0.001 units caused by 1 mL of enzyme extraction in
1 min.

2.12. Determination of Antioxidant Capacity

To study the antioxidant activity of FCBP, the free-radical scavenging effect on the
·DPPH radical and ferric reducing/antioxidant power (FRAP) was evaluated, following
the method described by Gao et al. [22].

2.12.1. DPPH Assay

At the beginning of the reaction, 100 μL of 10-fold diluted FCBP flesh was added to
a cuvette containing 4 mL of a methanol solution (0.14 mol/L) of the methanolic ·DPPH
solution. The mixture was kept in the dark for 50 min at room temperature and then
its absorption was measured at 517 nm. Determinations were made using a UV-726
spectrophotometer (Shimadzu, Shanghai, China). Trolox solutions within the range of
100–1000 μM were used for calibration and the baseline was corrected by methanol.

2.12.2. FRAP Assay

Freshly prepared FRAP solution contained 25 mL of 0.3 M acetate buffer (pH 3.6),
2.5 mL of 10 mM TPTZ (dissolved in 40 mM HCl), and 2.5 mL of 20 mM ferric chloride. A
total of 4 mL of FRAP solution was mixed with 10-fold diluted pepper flesh in the dark at
37 ◦C for 10 min. The ferric reducing ability of the samples was measured by detecting the
increase in absorbance at 593 nm with a UV-726 spectrophotometer (Shimadzu, Shanghai,
China). Trolox solutions within the range of 100–1000 μM were used for calibration. The
results were expressed as the radical scavenging activity of ·DPPH and FRAP, and were
calculated by Equation (3) as follows:

Radical scavenging activity =
A1 − A2

A1
× 100, (3)

where A1 is the absorbance of the untreated sample at 517 or 593 nm and A2 is the
absorbance in the presence of FCBP extract.

Antioxidant activity is expressed as millimoles of Trolox equivalents per kilogram
of sample.
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2.13. Sensory Evaluation

Ten volunteers (College of Food Science and Nutritional Engineering at the China Agri-
cultural University, six woman and four man, aged 22–25) participated on the sensory test.
HPP-treated and untreated samples were given to the participants, for a sensory evaluation
on storage days 0, 4, 8, 12, 16, 20, and 25. To understand the characteristics of good-quality
FCBP and the meaning of the different terminologies used in the sensory evaluation, all
10 participants had been trained for a sensory test at least once previously. Samples were
evaluated for their sensory characteristics (taste, flavor, texture, and appearance) and
overall acceptability on a 5-point scale (Table 2).

Table 2. The standard score sheet for the sensory evaluation of the fresh-cut bell pepper.

Score Taste Flavor Texture Appearance
Overall

Acceptability

5
Refreshing, juicy and

sweet;
appropriate brittleness

Special pepper aroma;
favorable soft

and comfortable

Complete fruit
tissue; stiff

and springy
Full flesh; no drip loss Excellent

4
Less sweet or juicy; a

certain degree
of brittleness

Special pepper aroma;
relatively soft

and comfortable
Certain springy Full flesh; a little

drip loss Good

3 Lighter sweetness;
general brittleness Special pepper aroma Slightly soft Partly wrinkled; a little

drip loss General

2 No sweetness; tender A little special pepper
aroma Soft Partly wrinkled; serious

drip loss Bad

1 No sweetness;
soft rotten Pungent odor Rotten Sever wrinkled; serious

drip loss Unacceptable

2.14. Statistical Analysis

All the experiments were carried out in triplicate and the average values were reported.
The data were analyzed using statistical software (SPSS 17.0, Chicago, IL, USA). The results
were expressed as mean ± S.D. Data were analyzed with one-way analysis of variance and
Tukey multiple comparison tests (significance level p < 0.05) to verify whether mean values
were significantly different.

3. Results and Discussion

3.1. Microbiological Analysis

The number of surviving cells after HPP treatments was determined by monitoring
the TAB and Y&M counts. As shown in Table 3, the initial counts of TAB and Y&M in the
untreated sample were 4.18 and 2.23 log10 CFU/g, respectively.

Both HPP-400 and HPP-500 treatments resulted in the reduction in Y&M to a level
below the detection limit (10 CFU/g) during 25 days of storage at 4 ◦C. Similarly, several
studies showed that Y&M were not detected immediately after HPP treatments, and
survivors were kept below the detection limit in cupped strawberry [22] and banana
puree [16].

Meanwhile, the counts of TAB in samples were significantly reduced to 2.69 and
2.15 log10 CFU/g after HPP-400 and HPP-500 treatments, respectively. The counts of TAB
increased both in HPP-treated samples and untreated ones during storage. Meanwhile, the
counts of TAB were consistently lower than 4 log10 CFU/g after the HPP-400 and HPP-500
treatments during storage, which showed that there was better microbiological stability
after HPP treatment in comparison with untreated ones. This demonstrated that HPP is
an effective technique for inactivating the microorganisms in FCBP. Similar results were
found in fresh-cut cucumber slices [23] and precut lettuce [24]. With adiabatic compression
and rapid expansion during HPP treatment, structural damage to the cell membranes of
microorganisms occurs, and the inactivation of enzymes and the denaturation of active

116



Foods 2021, 10, 508

compounds, both of which are lethal to bacteria [10]. Furthermore, the presence of N2 in
packed FCBP could also inhibit the proliferation of microorganisms during storage in the
present study.

Table 3. Changes in microorganisms, pH, total soluble solids (TSSs), weight loss ratio, and hardness of fresh-cut bell peppers
during storage at 4 ◦C.

Treatment
Storage Time (Days)

0 4 8 12 16 20 25

TAB (log10
CFU/g)

Untreated 4.18 ± 0.36Ca 5.21 ± 0.11b 6.91 ± 0.37c — — — —
HPP-400 2.69 ± 0.07Ba 4.05 ± 0.17c 2.84 ± 0.50a 2.79 ± 0.13a 3.64 ± 0.18b 3.85 ± 0.35b 3.92 ± 0.11b
HPP-500 2.15 ± 0.07Aa 2.35 ± 0.12a 3.80 ± 0.28b 1.69 ± 0.21c 2.73 ± 0.15c 3.61 ± 0.20b 3.83 ± 0.13b

Y&M
(log10

CFU/g)

Untreated 2.33 ± 0.14a 2.52 ± 0.13a 3.18 ± 0.22b — — — —
HPP-400 ND ND ND ND ND ND ND
HPP-500 ND ND ND ND ND ND ND

pH
Untreated 5.09 ± 0.01Ba 5.08 ± 0.03b 5.05 ± 0.03b — — — —
HPP-400 4.97 ± 0.02Aa 4.99 ± 0.01a 4.99 ± 0.03a 5.04 ± 0.27b 4.53 ± 0.33c 4.18± 0.03d 4.17± 0.04d
HPP-500 4.99 ± 0.02Aa 4.99 ± 0.01a 4.98 ± 0.01a 5.00 ± 0.01a 5.03 ± 0.02b 4.99 ± 0.02a 4.45 ± 0.02c

TSS (oBrix)
Untreated 6.80 ± 0.17Aa 6.50 ± 0.17a 6.60 ± 0.10a — — — —
HPP-400 7.27 ± 0.12ABab 7.83 ± 0.12c 7.70± 0.10bc 7.73± 0.15bc 7.80 ± 0.26c 7.77 ± 0.25c 7.00 ± 0.17a

HPP-500 7.33 ± 0.12Babc 7.83 ± 0.21c 7.47±
0.12abc 7.73± 0.31bc 7.27 ± 0.15ab 7.60 ± 0.20bc 7.07 ± 0.12a

Weight
loss ratio

(%)

Untreated 0 1.1 4.3 — — — —
HPP-400 21.9 22.7 22.8 25.7 25.9 26.3 27.2
HPP-500 18.7 23.1 23.5 24.4 24.2 24.4 24.5

Hardness
(N)

Untreated 28.92 ± 1.22Ba 28.05 ±
1.28ab 21.31± 1.17b — — — —

HPP-400 13.44 ± 1.45ABa 10.59 ±
0.80bc

11.09 ±
0.37bc

11.76 ±
0.22bc

10.88 ±
0.57bc

10.51 ±
0.33bc 9.65 ± 0.26c

HPP-500 11.54 ± 0.93Aa 10.99 ± 0.45a 10.58 ± 0.78a 11.11 ± 0.28a 9.79 ± 0.24a 10.18 ± 0.29a 10.72 ± 1.95a

—, not tested; ND, not detected (detection limit <10 CFU/g); TAB, total aerobic bacteria; Y&M, yeasts and molds. All data were the mean
± S.D., n = 3. Values with different letters within one row are significantly different (p < 0.05). The capital letters within one column are
significantly different at day 0 (p < 0.05).

3.2. Chemical and Physical Analysis

The changes in the pH, TSS, and weight loss ratio of FCBP during storage at 4 ◦C are
shown in Table 3. There was a significant change in the pH values after both HPP-400
and HPP-500 treatments. This might have been caused by the instantaneous leaching of
acidic components after HPP treatment (e.g., phenolic compounds). Furthermore, the pH
values were reduced generally in all FCBP during the 25-day refrigeration period, which
may be attributed to the formation of organic acids produced by the microbial proliferation
of FCBP.

The increase in TSS in FCBP was found after HPP treatment. Partially due to the textu-
ral damage of FCBP, the ingredients were concentrated relatively. Meanwhile, fluctuating
TSS values were observed in both HPP-400 and HPP-500 treatments, which could have
been caused by the dynamic balance between the loss of water molecules and the leaking
of ruptured FCBP cells after HPP treatment. Whereas, Gallotta et al. [25] found that the TSS
content of fresh-cut nectarines rose during 15-day storage with a reduced sample weight
owning to the fruit ripening and the increasing production of ethylene. However, these
effects may have been suppressed in the present study, as the packages contained 99.99%
N2 and the after-ripening effect of fruit requires oxygen [26].

Due to the textural damage, the weight loss ratio of the FCBP increased substantially
after the HPP treatment. Throughout the storage period, the rates of increase in the weight
loss ratio after HPP-400 and HPP-500 treatments were 0.21% and 0.23%, respectively,
and the weight loss ratio of HPP-500 tended to be stabilized for 12–25 days. There is no
doubt that a series of processing operations, including HPP, could lead to the mechanical
wounding of fresh-cut vegetable tissues [27], providing physical conditions for FCBP to lose
weight after HPP-400 and HPP-500 treatments. Meanwhile, peppers are highly prone to
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lose water and corrupt naturally during long-term storage [28]. Presently, the HPP ensured
the microbiological safety of FCBP, while a higher weight loss ratio was inevitably found
after HPP treatment. Further studies need to focus on this undesirable result of FCBP.

3.3. Hardness Analysis

As shown in Table 3, the hardness of FCBP was 11.54–13.44 N after the HPP treatments,
whereas the hardness of the untreated samples was 28.92 N. The texture loss observed
in FCBP after HPP-400 and HPP-500 treatments could be defined as an instantaneous
pressure softening. The leaching and non-enzymatic depolymerization of cell wall pectin
in FCBP after the HPP application could be another reason for this effect [29,30]. For cherry
tomatoes, Tangwongchai, Ledward, and Ames [19] found that the firmness was reduced
by 90% after 400 MPa/20 min treatment. Similarly, strawberry halves were processed at
400–550 MPa for 0.1–20 min, reaching a maximum loss of 80% in hardness [31]. Moreover,
the hardness of untreated samples decreased rapidly during 0–8 days of storage at 4 ◦C.
However, none of the HPP-treated FCBP experienced a significant reduction in hardness
over 25 days.

3.4. Color Analysis

The color of vegetables has a remarkable impact on consumer appreciation and
acceptance. Processing had a significant effect on the color variables of FCBP in the present
study (Table 4). There was no significant difference in the L* value between the HPP-treated
and untreated samples at day 0. This result was in agreement with previous studies with
fresh-cut peaches [32] and nectarines [33]. It has also been found that, regardless of the
HPP treatment conditions, the chromatic parameters remained almost unaffected [32]. A
lower L* value is an indicator of darkening and enzymatic browning, which is one of the
factors most limiting the shelf life of fresh-cut products. Since HPP treatment could induce
damage to the structure and the breaking of cell walls in fruits, it would facilitate enzyme
(mainly PPO) and substrate contact, thus affecting the color of fruits. Meanwhile, N2-
assisted HPP treatment, a technology that ensures the absence of oxygen inside packaging
and inactivates PPO activity effectively, contributes to the preservation of L* by inhibiting
enzymatic browning for 25 days.

Table 4. Changes in the color parameters of fresh-cut bell pepper during storage at 4 ◦C.

Process Storage (Days) L* a* b* ΔE

Untreated
0 32.90 ± 2.53Aa 28.84 ± 4.47Aa 17.45 ± 3.89Aa 0
4 30.93 ± 3.79a 28.67 ± 3.99a 20.04 ± 3.57ab 3.26
8 31.52 ± 3.65a 33.67 ± 5.41b 26.56 ± 10.93b 10.40

HPP-400

0 31.06 ± 2.31Aa 36.38 ± 4.27Ba 27.94 ± 7.85Ba 13.05
4 29.04 ± 3.13a 35.49 ± 6.52ab 30.30 ± 11.63a 14.97
8 29.68 ± 2.01a 30.10 ± 4.33cd 22.15 ± 5.05ab 5.83

12 32.00 ± 1.90a 27.70 ± 2.15cd 15.26 ± 2.35b 2.63
16 30.01 ± 4.50a 30.50 ± 5.05bc 20.50 ± 6.36ab 4.52
20 30.65 ± 8.613a 31.22 ± 8.79abc 21.78 ± 12.18ab 5.43
25 30.94 ± 2.90a 25.13 ± 3.33d 14.53 ± 3.03ab 5.11

HPP-500

0 33.49 ± 1.37ABa 34.18 ± 6.54Ba 28.31 ± 14.93Bab 12.12
4 30.08 ± 2.53ab 36.31 ± 6.69a 30.89 ± 8.42a 15.63
8 27.83 ± 3.45b 30.75 ± 5.36b 24.16 ± 10.26bc 8.62
12 28.01 ± 6.70b 26.82 ± 3.80b 16.76 ± 2.21c 5.34
16 27.52 ± 3.57b 29.61 ± 4.12b 21.71 ± 5.19bc 6.91
20 27.90 ± 3.76b 26.33 ± 2.06b 17.29 ± 3.85c 5.60
25 31.62 ± 3.52ab 25.91 ± 4.31b 16.91 ± 6.15c 3.24

All the data were the mean ± S.D., n = 3. The capital letters within one column show significant differences at day 0 (p < 0.05). Values with
different letters within one column are significantly different (p < 0.05).
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There were significant (p < 0.05) effects of HPP treatment on the a* and b* values of
FCBP. The HPP-treated samples became redder (higher a* values) and more yellow (higher
b* values) at day 0. This result can probably be attributed to the cell disruption and release
of pigment compounds after HPP treatment. Oliveira et al. [29] found a significant decrease
in the a* and b* values in Peruvian carrot after both 600 MPa/5 min and 600 MPa/30 min.
Meanwhile, significant increases in the a* and b* values of pawpaw pulp were found after
600 MPa/76 s [34]. The disparity between our observations and those reported from other
studies may be attributed to differences in the HPP treatment conditions and the types
of fruit and vegetables used. During storage for 25 days, HPP-treated samples showed a
decrease in their a* and b* values. Thus, a color shift toward negative a* and negative b*
directions indicated less red and less yellow in the samples, which was probably due to the
significant degradation of chromogenic compounds, such as decreases in the amounts of
carotenoids, flavonoids, and anthocyanins during storage.

The ΔE value, which is an indicator of total color difference, also showed that there
were significant differences between untreated and treated samples. It has been considered
that a ΔE of two would be a noticeable visual difference for a number of situations [35].
Thus, in this study noticeable changes were observed in the color of HPP-treated samples in
comparison to that of untreated ones, which was probably due to the significant differences
in the L*, a*, and b* values between the untreated and treated samples. During whole
storage, the decrease in the ΔE of HPP-treated FCBP was related to the gradual degradation
of chromogenic compounds, which diminished the color difference from the untreated
sample. In contrast, the color behaviors of HPP-400-treated FCBP were more stable than
those of HPP-500, as manifested by the lower ΔE and smaller changes in color values.

3.5. PPO Activity

Figure 1 shows the change in the residual PPO activity of FCBP during storage. After
HPP-400 and HPP-500 treatments, the residual PPO activity in the FCBP was 44.09% and
66.13%, indicating that the PPO activity was passivated by the HHP treatment. Similarly,
the application of HPP treatment has also been found to inhibit the PPO activity in fresh-cut
potato [36] and fresh-cut peach [37].

Figure 1. Changes in residual PPO activities of fresh-cut bell pepper during storage at 4 ◦C. The
capital letters within one column indicate significant differences at day 0 (p < 0.05). Values with
different letters within one column are significantly different during storage (p < 0.05).
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During the first 8 days, HPP-treated FCBP showed lower PPO activity, whereas
the PPO activity increased significantly after 8 days (p < 0.05). There was no significant
difference in PPO activity between the HPP-400- and HPP-500-treated samples at day 25.
The inactivation of PPO is highly dependent on several factors, especially the acidity of
the medium, so the decrease in pH value in FCBP at the later stage of storage (8–25 days)
was helpful for the recovery of PPO residual activity [38]. To maintain the color stability of
FCBP during storage, additional hurdles should be considered to completely inactivate the
residual activity of PPO in future studies.

3.6. Total Phenols and Ascorbic Acid

Changes in the total phenols and ascorbic acid contents of FCBP after HPP treatment
during storage are shown in Figure 2. Compared to the total phenols content in an untreated
sample (99.09 mg GAE/100 g), the total phenols in FCBP increased to 106.69 mg GAE/100 g
and 108.80 mg GAE/100 g after treatments with HPP-400 and HPP-500, respectively. The
previous study showed that HPP could cause a great compression of fruit microstructure
and disruptions of the cell walls and membranes, leading to an increase in permeability
and the leaking of total phenols in cells [38].

Figure 2. Changes in total phenols (A) and ascorbic acid contents (B) of fresh-cut bell pepper during storage at 4 ◦C. The
capital letters within one column indicated significant differences at day 0 (p < 0.05). Values with different letters within one
column are significantly different during storage (p < 0.05).

All the samples showed a significant reduction in their content of total phenols during
storage (Figure 2A). After 25 days of storage, the losses of total phenols in the HPP-400-
and HPP-500-treated FCBP were 19.44% and 27.19%, respectively. The leaching of phenolic
compounds from flesh to juice was the main reason for this [22]. Although there was a high
residual PPO activity, which was related to the degradation of phenolic compounds during
storage [39], the presence of N2 inside the packaging did not provide proper conditions for
the degradation of total phenols by PPO.

Figure 2B shows the changes in the ascorbic acid content of FCBP during storage. In
all samples, the content of ascorbic acid in HPP-treated FCBP was significantly lower than
that in untreated (p < 0.05). HPP treatment has a good performance in accelerating the
extraction of ascorbic acid and other soluble compounds [40]. Therefore, in the present
study due to the freely soluble characteristics of ascorbic acid, the decrease in ascorbic
acid may be related to the drip loss of FCBP caused by HPP treatments. No difference in
ascorbic acid content was observed between two HPP-treated samples.
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The content of ascorbic acid decreased significantly in the untreated sample over
8 days (p < 0.05), yet no significant losses of ascorbic acid were found in the HPP-treated
ones. At the end of storage, the ascorbic acid content decreased by 21.16% and 13.57% in the
HPP-400- and HPP-500-treated FCBP, respectively. Drip loss, evidenced by the increasing
weight loss ratio during storage, could be the main reason for this decrease. Furthermore,
although FCBP was completely packaged with N2 instead of oxygen in this study, ascorbic
acid can degrade anaerobically. Its influence factors include the presence or lack of oxygen,
the amount of light, the presence of cupric ions, the temperature of processing, the storage
time, and especially the pH [41]. The maximum degradation rate was reported at pH 4.0
and the minimum at pH 2.5–3.0 [42]. Therefore, it was reasonable to infer that after 8 days,
with the pH decreasing to around 4.0 and the extension of storage time, the ascorbic acid
degraded gradually in the HPP-treated samples.

3.7. Antioxidant Capacity Analysis

The antioxidant capacity in FCBP significantly increased after HPP-500 (p < 0.05),
regardless of whether the DPPH or FRAP method was used (Figure 3). A similar result for
antioxidant capacity was also found in pressurized swedes [43] and carrots [44].

In particular, N2-assisted HPP either increased or maintained the antioxidant capac-
ity compared with untreated samples for 0–8 days, indicating that the N2-assisted HPP
treatment was useful in preserving the antioxidant capacity of FCBP. Furthermore, the
antioxidant capacity in HPP-500-treated samples was higher than that in HPP-400-treated
ones for 0–8 days. However, HPP-400 treatment had a better performance in terms of the
stability and persistence of antioxidant capacity in the second half of the storage period
(12–25 days). After 25 days of storage, the DPPH antioxidant capacity decreased by 30.32%
and 57.35% after treatments with HPP-400 and HPP-500, respectively. The FRAP antioxi-
dant capacity decreased by 10.6% and 58.6% after 25 days, respectively. These results were
probably due to the fact that a higher HPP treatment level (HPP-500) induced more severe
structural damage to FCBP, leading to a better extracting effect of the antioxidant. Antioxi-
dant capacity is closely related to the content of antioxidant substances (e.g., polyphenols
and ascorbic acid) in samples. Therefore, the change in antioxidant capacity during storage
can be explained by the change in antioxidant substances. During storage, the antioxidant
capacity of the samples decreased significantly, which may be due to two reasons. One
is that HPP treatment destroys the texture of the sample and that the weight loss ratio
increases with the extension of storage time, resulting in the loss of polyphenols and other
antioxidant substances; the other is that the rupture of the cells in samples allows the
polyphenols to contact PPO, causing an enzymatic reaction, thus the polyphenols of the
sample are consumed.

3.8. Sensory Evaluation

A sensory evaluation of the FCBP was carried out during 25 days of storage. The
sensory scores were given by trained panelists (N = 10) according to a standard score sheet
(Table 2) and they are shown in Table 5. The results showed that the sensory attributes of
taste in the HPP-400-treated samples were similar to those for the untreated ones at day 0.
Compared to HPP-400 treatment, the FCBP processed by HPP-500 received a higher score
for the attributes of texture and appearance, probably because a better brightness (L* value)
and lower weight loss ratio were found. Interestingly, a higher score for the attributes
of taste and flavor were also found in the HPP-500-treated FCBP. Obviously, the HPP-
500-treated samples had higher consumer acceptability. These results demonstrated that
although there were significant changes in color, hardness, and other quality parameters,
HPP processing did not negatively affect the sensory quality of FCBP.
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Figure 3. Changes in the antioxidant capacity (DPPH (A) and FRAP (B)) of fresh-cut bell pepper
during storage at 4 ◦C. The capital letters within one column show significant differences at day 0
(p < 0.05). Values with different letters within one column are significantly different during storage
(p < 0.05).

The sensory scores of HPP-treated samples also decreased during storage, but the rate
of decline was lower than in untreated ones, and it was not until day 25 that the samples
began to corrupt. FCBP treated by HPP-500 performed better in terms of sensory quality
than those treated by HPP-400 in the whole storage. The conclusion can be drawn that
the sensory qualities of FCBP can be guaranteed after the application of N2-assisted HPP
treatment. Furthermore, different processing conditions affected the sensory qualities of
FCBP, both in terms of the storage stability and consumer acceptance of all sensory qualities.
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Table 5. Variations in the sensory scores of fresh-cut bell pepper during storage at 4 ◦C.

Process Storage (Days) Taste Flavor Texture Appearance Overall Acceptability

Untreated 0 3.78 ± 0.67Aa 4.33 ± 0.86Aa 3.44 ± 0.73Aa 4.33 ± 0.50Aa 3.67 ± 0.61Aa
4 3.78 ± 0.83a 3.67 ± 1.22a 3.33 ± 0.56a 3.55 ± 1.24a 3.22 ± 0.64ab
8 2.00 ± 0.71b 1.67 ± 0.71b 3.40 ± 0.73a 3.44 ± 0.72a 2.78 ± 0.76b

HPP-400 0 3.75 ± 0.89Aa 3.50 ± 1.20BCa 2.75 ± 0.70Bab 3.88 ± 0.83Ba 3.38 ± 0.52Ba
4 3.67 ± 1.12ab 3.22 ± 0.83a 3.03 ± 0.86ab 3.33 ± 0.70a 3.11 ± 0.78a
8 3.78 ± 0.67a 3.44 ± 0.88a 2.77 ± 0.66a 4.00 ± 1.11a 3.50 ± 0.56a
12 3.33 ± 1.12ab 3.11 ± 1.17a 2.55 ± 0.53ab 3.11 ± 1.17a 3.00 ± 0.51a
16 2.78 ± 0.97ab 2.44 ± 0.73a 2.30 ± 0.50a 3.10 ± 1.17a 2.78 ± 0.97a
20 2.78 ± 0.67ab 2.33 ± 0.50a 2.33 ± 0.50a 3.00 ± 1.12a 3.00 ± 0.71a
25 2.33 ± 1.00b 2.44 ± 0.73a 2.33 ± 0.50a 3.11 ± 1.17a 2.78 ± 0.91a

HPP-500 0 4.20 ± 0.63Ba 3.90 ± 0.99ABa 3.40 ± 0.97Aab 4.40 ± 0.51Aa 3.50 ± 0.53Aab
4 4.22 ± 0.83a 3.22 ± 1.20a 3.30 ± 0.70ab 4.33 ± 0.85a 3.67 ± 0.40ab
8 4.22 ± 0.67a 3.40 ± 0.88a 3.70 ± 0.90a 4.33 ± 0.87a 3.72 ± 0.70ab
12 3.56 ± 0.73abc 3.33 ± 1.00a 3.22 ± 0.67abc 4.11 ± 0.78ab 3.50 ± 0.50bc
16 3.78 ± 0.67ab 3.22 ± 0.97a 3.50 ± 0.52ab 4.00 ± 1.12ab 3.50 ± 0.53bc
20 2.78 ± 0.83bc 2.56 ± 0.88a 2.56 ± 0.50bc 3.00 ± 1.00b 3.11 ± 0.78bc
25 2.63 ± 0.74c 2.50 ± 0.93a 2.25 ± 0.88c 3.00 ± 1.20b 2.75 ± 0.71c

All the data were the mean ± S.D., n = 3. The capital letters within one column show significant differences at day 0 (p < 0.05). Values with
different letters within one column are significantly different (p < 0.05).

4. Conclusions

N2-assisted HPP FCBP exhibited a high microbial reduction after processing and a
better microbiological stability during storage. Color changes were noticeable between the
untreated and treated samples after processing, and the ΔE values significantly decreased
during storage. HPP effectively improved the total phenols content and antioxidant capac-
ity of FCBP and significantly inactivated the PPO activity when compared to untreated
samples. Besides this, HPP processing did not negatively impact the acceptability of all
sensory attributes in contrast to untreated samples. However, due to the instantaneous
pressure, softening was found in FCBP after HPP treatment, and significant weight loss
ratios and losses of hardness were also found.

Therefore, N2-assisted HPP processing may be a good choice for the preservation
of FCBP. Moreover, to further improve the quality and prolong the shelf-life of fresh-cut
vegetables and decrease the damage to the natural structure after HPP, further research
is required.
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Abstract: This work studied the effects of centrifugal block freeze crystallization (CBFC) on physic-
ochemical parameters, total phenolic compound content (TPCC), antioxidant activity (AA), and
process parameters applied to fresh murta and arrayan juices. In the last cycle, for fresh murta
and arrayan juices, the total soluble solids (TSS) showed values close to 48 and 54 Brix, and TPCC
exhibited values of approximately 20 and 66 mg gallic acid equivalents/100 grams dry matter (d.m.)
for total polyphenol content, 13 and 25 mg cyanidin-3-glucoside equivalents/100 grams d.m. for
total anthocyanin content, and 9 and 17 mg quercetin equivalents/100 grams d.m. for total flavonoid
content, respectively. Moreover, the TPCC retention indicated values over 78% for murta juice,
and 82% for arrayan juice. Similarly, the AA presented an increase over 2.1 times in relation to the
correspondent initial AA value. Thus, the process parameters values were between 69% and 85%
for efficiency, 70% and 88% for percentage of concentrate, and 0.72% and 0.88 (kg solutes/kg initial
solutes) for solute yield. Therefore, this work provides insight about CBFC on valuable properties in
fresh Patagonian berries juices, for future applications in health and industrial scale.

Keywords: freeze crystallization; murta; arrayan; physicochemical properties; bioactive compounds;
antioxidant activity; process parameters

1. Introduction

In the last decades, berries have gained a lot of attention due to their attractive
colors, interesting physicochemical properties, and excellent nutritional and organoleptic
characteristics. Thus, berries are not only consumed for their physical appearance but also
for their countless and positive effects on the consumers’ health, since these fruits have a
significant source of micronutrients, phenolic compounds, and antioxidant activity that
provide important beneficial effects for human health [1,2].

In this context, Chile has an important diversity of wild and endemic berries due to
the different ecosystems of each region, since Chile presents from dry desert climate (North)
to high-intensity rainfall rate and low temperatures (South) [3]. Hence, in southern-central
Chile, there are various endemic berries such as maqui (Aristotelia chilensis), calafate (Berberis
microphylla), Chilean strawberry (Fragaria chiloensis ssp. chiloensis), murta (Ugni molinae),
and arrayan (Luma apiculata), and till date, murta and arrayan have been poorly studied.
However, these berries have been used since ancient times as food, ingredients, colorants,
and/or traditional medicines [4,5], and it opens the possibility of future scientific analysis
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in the fresh fruits and/or the development of studies for commercial exploitation through
new processing technologies.

Specifically, murta and arrayan are two interesting and exotic berry fruits recognized
as “superfruits,” since these fruits present high levels in terms of fiber, vitamins, minerals,
nutrients, and phytochemical composition [6]. Murta (also called murtilla, myrtle berry,
or mutilla) is a wild Myrtaceae bush, with black/purple color and an intense sweet taste,
and it grows from Talca (35◦25′36” S, 71◦40′18” W, Maule Region, central Chile) to the
Palena River (41◦28′18” S, 72◦56′12” W, Los Lagos Region, southern Chile) [7]. Similarly,
arrayan (also called cauchao) is other wild Myrtaceae endemic plant that grows in forests
from Valparaíso (33◦03′47” S, 71◦38′22” W, Valparaiso Region, central Chile) to Aysen
(45◦34′12” S, 72◦03′58” W, Aysen del General Carlos Ibáñez del Campo region, southern
Chile). The fruits have nearly globular shape with characteristic aroma [8]. Moreover, these
fruits present an important content of phenolic compounds (phenolic acids, anthocyanins,
flavonoids, flavonols, and tannins), and thus, it contributes significantly to the high value
of antioxidant activity measured for these fruits [9–14]. Therefore, murta and arrayan have
excellent potential to be incorporated into the diet for daily consumption, either as fresh
fruits or derived products such as yogurt, jams, jellies, purees, and fruit juices [15].

Additionally, different innovations have been adopted in the food industry due to
the demands of consumers, every day more interested and aware, for healthy, safe, tasty,
and ideal functional foods with low impact on the environment [16]. Furthermore, these
innovations can be made at any stage during the food processing, and in recent years,
the changes have been observed through the implementation of emerging thermal and
non-thermal technologies with the intention to increase the extraction of components,
efficiency, percentage of recovery, stability, and preservation of nutritional and organoleptic
characteristics in each food product [17–19].

Accordingly, freeze crystallization (FC) has attracted increasing attention as emerging
non-thermal technology due to their important implications for the concentration of food
solutions. Specifically, FC uses low temperatures to concentrate liquid solutions and it
is based on the freezing of the water, and then, the unfrozen solution (cryoconcentrated)
is separated from the ice crystals (frozen fraction). Thereby, FC allows increasing the
solutes and bioactive compounds in the cryoconcentrated fraction. In turn, FC had a
significant energy advantage compared to the traditional concentration technologies, since
FC uses only 14% of the total energy used in evaporative concentration [20]. Hence, FC
has been positively applied in various liquid foods, presenting an increase in solutes and
extraordinary retention of phenolic compounds and antioxidant activity [21–25]. However,
to our best knowledge, there are a few studies available about the application of FC on
valuable “superfruit” juices [26,27].

Thus, the objective of this study was to evaluate the use of block FC assisted by
centrifugation technology on two wild endemic Chilean berry juices (murta and arrayan)
in terms of physicochemical properties, process parameters, and quality characteristics.

2. Materials and Methods

2.1. Raw Materials

Fresh murta (Ugni molinae) and arrayán (Luma apiculata) were obtained from Valle
Exploradores Ltda (46◦37′27” S, 72◦40′36” W, Puerto Río Tranquilo, XI Región de Aysén,
Chile), with standard commercial maturity, i.e., uniform size and color, and without visual
damage (injured) or being immature. Thus, the samples were transported in covered
insulated boxes at Chillán (XVI Región del Ñuble, Chile) and were kept in a refrigerated
chamber until their further analysis.

2.2. Fruit Juice Preparation

The fruits were washed with tap water to remove dust and dirt, and then subjected
to manual pressure to obtain the juice, and then, the fresh juice was filtered using a nylon
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cloth (0.8 mm fine-mesh) to separate large fragments such as pulp, seeds, and peels from
the liquid. Later, the fresh juice was stored at 4 ◦C until analysis or processing.

2.3. Freeze Crystallization (FC)

The FC process at three cycles was based on the protocol described by Orellana-Palma
et al. [27] (Figure 1). First, the plastic centrifugal tubes with 45 mL of juice were isolated
with foamed polystyrene. Then, the tubes with juice were frozen through axial freezing
front propagation in a static freezer (model 280, M&S Consul, Sao Paulo, Brazil) overnight
at −20 ◦C. Later, the cryoconcentrated fraction was separated from the ice fraction by
centrifugation (Eppendorf 5430R, Hamburg, Germany) at 20 ◦C for 20 min at 4000 rpm, and
thus, this procedure can be called the first cycle (C1). The cryoconcentrate juice obtained
from C1 was collected. Subsequently, the C1 solution was used as the new feed solution
for the second (C2) cycle, and thus, the C2 solution was used as new feed solution for
the third (C3) cycle. All the cycles were performed under the same FC procedure (axial
freezing front propagation at −20 ◦C and centrifugation conditions). Specifically, different
quality properties such as physicochemical properties, total phenolic compound content,
and antioxidant activity were determined in the cryoconcentrated fraction from C1, C2,
and C3.

 
Figure 1. Freeze crystallization procedure at three centrifugation cycles.
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2.4. Physicochemical Profile

The physicochemical profile in the samples was measured based on the method
described by Orellana-Palma et al. [27]. Thus, the TSS content was measured using a digital
refractometer (PAL-3, Atago Inc., Tokyo, Japan) with wide range (0–93%), and the results
were expressed as Brix. The pH measurements were determined with a digital pH meter
(HI-2221, Hanna Instruments, Woonsocket, RI, USA). The total titratable acidity (TTA)
(grams of malic acid (MA) per liter of sample, g MA/L) was obtained by titrimetric method.
The density (kg/m3) was obtained using a pycnometer at 25 ◦C. The color properties were
evaluated using a colorimeter (CM-5, Konica Minolta, Osaka, Japan), and the results were
provided in accordance with CIELab system (L*: darkness-whiteness, a*; greenness-redness
axis, and b*: blueness-yellowness axis). The total color difference (ΔE*) was calculated in
accordance with Equation (1).

ΔE∗ =
√(

L∗ − L∗
0
)2

+
(
a∗ − a∗0

)2
+

(
b∗ − b∗0

)2, (1)

where ΔE* is the change variation between fresh juices and cryoconcentrated samples. The
subscript 0 corresponds to the initial CIELab values in the fresh juice, and L*, a*, and b* are
the color properties in each cryoconcentrated sample.

2.5. Determination of Total Phenolic Compound Content (TPCC)

TPCC were determined by the total polyphenol content (TPC), total anthocyanin
content (TAC), and total flavonoid content (TFC) assays.

TPC, TAC, and TFC assays were measured with a spectrophotometer UV/Vis (T70, Oa-
sis Scientific Inc., Greenville, SC, USA) based on the method described by Sekizawa et al. [28],
Lee et al. [29], and Zhishen et al. [30], where gallic acid (GA), cyanidin-3-glucoside (C3G),
and quercetin (Q) were used for the standard curve, respectively, and the results were ex-
pressed in mg of GA equivalents (GAE) per grams (g) of dry matter (mg GAE/g d.m.), mg
of C3G equivalents per grams (g) of dry matter (mg C3G/g d.m.), and mg of Q equivalents
(QE) per grams (g) of dry matter (mg QE/g d.m.), respectively.

Additionally, the TPCC retention represents the TPCC retained from the fresh juice in
the cryoconcentrated solution. The TPCC retention was determined by Equation (2) [31].

TPCC retention (%) =

(
Co

Cc

)
×

(
TPCCc

TPCCo

)
× 100, (2)

where Co is the initial TSS; Cc is the TSS at each cycle in the cryoconcentrated fraction;
TPCCc is the value of TPC, TAC, and TFC at each cycle; and TPCCo is the initial value of
TPC, TAC, and TFC.

2.6. Determination of Antioxidant Activity (AA)

Antioxidant activity was determined by means of the 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), ferric reducing
antioxidant power (FRAP), and oxygen radical absorbance capacity (ORAC) assays.

DPPH, ABTS, and FRAP assays were measured with a spectrophotometer UV/Vis
(T70, Oasis Scientific Inc., Greenville, SC, USA) based on the method described by Zorzi
et al. [32], Garzón et al. [33], and Chen et al. [34], respectively.

ORAC assay was evaluated based on the method described by Ou et al. [35] with a
multimode plate reader (Victor X3, Perkin Elmer, Hamburg, Germany). The absorbance
was measured at 485 nm (λexcitation) and at 520 nm (λemission) every 1 min for 60 min.

Trolox (T) was used for the standard curve, and the AA assays were expressed as μM
Trolox equivalents (TE) per gram (g) of dry matter (μM TE/g d.m.).
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2.7. Process Parameters in FC
2.7.1. Efficiency (η)

η (%) is defined as the solutes in the cryoconcentrated fraction relative to the solutes
remaining in the ice fraction. The η (%) was determined by Equation (3).

η (%) =
Cc − CI

Cc
∗ 100%, (3)

where Cc and CI are the TSS at each cycle in the cryoconcentrated and ice fractions,
respectively.

2.7.2. Solute Yield (Y)

Y (kg solutes/kg initial solutes, kg/kg) represents the relation between the recovered
solute mass in the initial solution and cryoconcentrated solution. The Y (kg/kg) was
determined by Equation (4).

Y
(

kg
kg

)
=

mc

m0
, (4)

where mc is the solute mass in the cryoconcentrated fraction and m0 is the initial solute
mass.

2.7.3. Percentage of Concentrate (PC)

PC (%) represents the weight in the initial sample relative to the weight remaining in
the ice fraction. The PC was determined by Equation (5).

PC (%) =
W0 − Wi

W0
× 100%, (5)

where W0 and Wi are the initial and final weights in the ice fraction, respectively.

2.8. Statistical Analysis

The treatments were conducted in triplicate at ambient temperature (≈22 ◦C), and
the results were presented as mean ± standard deviation. One-way analysis of variance
(ANOVA) was used to the evaluation of statistical analysis and the treatment means were
compared via Fisher’s least significant difference (Fisher’s LSD) test at a confidence level
of 0.95 (p ≤ 0.05). The data were analyzed through Statgraphics Centurion XVI software
(v. 16.2.04, StatPoint Technologies Inc., Warrenton, VA, USA).

3. Results and Discussion

3.1. Physicochemical Characteristics

The physicochemical properties in the fruit juices and CBFC-treated juices are shown
in Figure 2 and Table 1. Additionally, the TSS, pH, TTA, and color (L*, a*, b* and ΔE*)
values presented significant differences when each BFC cycle was compared with their
respective fresh juice.

The fresh murta juice presented lower physicochemical characteristics values than
those indicated by Ah-Hen et al. [36]. However, our results were higher than previous
results found in the same fruit juice by Ah-Hen et al. [37]. Moreover, the fresh arrayan juice
values were higher than previous values reported by Fuentes et al. [13]. The differences can
be connected to the fact that the studies were carried out with fruits from different areas
of the Southern Chile, and these zones are characterized by various climatic conditions,
equivalent to constant rains and low temperatures throughout the year [38]. Additionally,
various factors such as type/time of harvesting, ripening process, and/or the interaction
genotype-environment can change the properties of the fruit and juice [39].
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(a) (b) 

Figure 2. Total soluble solids (TSS) values at each BFC cycle: (a) murta juice and (b) arrayan juice. The bars represent
the standard deviations. The number on the bar is the concentration index (CI), and CI is a dimensionless number that
represents the increase in solutes at each BFC cycle (in both cryoconcentrated and ice fractions) with respect to the initial
TSS value (C0) (14.0 Brix for murta juice and 15.1 ◦Brix for arrayan juice), i.e., CI = Cc/C0, where Cc is the TSS value at each
cycle.

First, independent of fresh juice, the TSS values showed an increasing trend with
increasing BFC cycles (Figure 2). Hence, in the last cycle, for murta juice (Figure 2a), the
solutes reached a TSS value close to 48.2 ◦Brix, and for arrayan juice (Figure 2b), the TSS
value was approximately 54.0 ◦Brix, which is comparable to an increase in 3.4 and 3.6 times,
in relation to the initial TSS values (14.0 and 15.1 ◦Brix), respectively. In comparison with
previous studies in our laboratory, the results (third cycle) presented lower concentration in-
dex value than those obtained in orange juice (5.7) [40] and apple juice (3.9) [41], but higher
than those achieved in calafate juice (3.0) [27], pineapple juice (3.3) [42], and blueberry juice
(2.5) [43]. The variation in TSS values is due to the different and specific characteristics
(pH, TTA, and density, among others) in the fresh juice, since each characteristic interacts
under various forms in the cryoconcentration process [44]. It is worth to mention that, all
the studies used the same freezing and centrifugation conditions.

The pH, TTA, and CIELab (L*, a*, and b*) values are given in Table 1.
In terms of pH, the values showed a significant decrease in both fresh murta juice

(pH = 3.7) and fresh arrayan juice (pH = 5.1), since the values (third cycle) had a decrease
in 27% (pH = 2.4) and 25% (pH = 3.8), in comparison to the correspondent pH value of
the fresh juice, respectively. By contrast, the fresh murta juice and fresh arrayan juice
increased the TTA values to 2.3 and 1.6 for C1, 3.1 and 2.1 for C2, and 3.8 and 2.6 for C3,
indicating an increase in 224% and 217% (in the last cycle) in relation to the initial TTA
values, respectively. The opposite behavior among pH and TTA values has been observed
in various cryoconcentrated food liquids such as calafate juice [27], pineapple juice [42],
and sapucaia nut cake milk [45]. The pH and TTA changes have been attributed to the
continuous increases in TSS at each cycle, since it provokes an increase in the organic
acids of the cryoconcentrates, causing the opposite phenomenon between pH and TTA
values [41].

In terms of colorimetric CIELab parameters, the color measurement is considered an
indicator of food quality and can also be used indirectly in the analysis of colored compo-
nents contained in fruits, particularly in berries, providing an estimation of antioxidants
and polyphenolic compounds [46,47].
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Thus, all the samples presented an important change during the cycles, since each
parameter had significant modifications, and thus, in C3, the L* values decrease from 52 to
14 CIELab units and from 12 to 0.4 CIELab units, for fresh murta and arrayan juices, which is
equivalent to a decrease in 72% and 96%, respectively, signifying that the cryoconcentrated
samples were darker than the original juice. However, as cycles advanced, a progressive
increase in a* and b* values was observed, with values from 4 to 35 CIELab units and
from 3 to 15 CIELab units, for murta juice, and from 9 to 39 CIELab units and from 1 to
33 CIELab units, for arrayan juice, respectively, indicating that the juices had a darkish
red color (most noticeable in arrayan juice), and thus, the final cryoconcentrated samples
presented a very dark visual appearance with red coloration (Figure 3). These results
suggested that the changes in visual color of fresh juices treated by BFC can be linked to
the notable increase in the TSS concentration and total phenolic compound content at each
cycle [48]. Additionally, the ΔE* between the samples (fruit juices and CBFC-treated juices)
specified that the highest ΔE* values were assessed for the final cycle, since the values
ranged from 13 to 50 CIELab units and from 19 to 46 CIELab units, from the first to the
third cycle, for murta juice and for arrayan juice, respectively. Specifically, Krapfenbauer
et al. [49] defined that a ΔE* ≥ 3.5 CIELab units denote visual differences by the consumers
between food products. Therefore, our values indicate that the human eye can perceive
visual differences between the original sample and each cryoconcentrated sample, since all
the ΔE* values were higher than 13 CIELab units. All the data and visual color had similar
trend to the results reported in various studies on FC applied to fresh juices [27,31,43].

Figure 3. Effect on visual color of fresh murta juice and fresh arrayan juice under centrifugal block
freeze crystallization (CBFC): (a) fresh murta juice, (b) cryoconcentrated murta juice, (c) fresh arrayan
juice, and (d) cryoconcentrated arrayan juice.

3.2. Total Phenolic Compound Content (TPCC)

The levels of TPCC in the fruit juices and CBFC-treated juices are shown in Table 2.
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Table 2. Total phenolic compound content of fresh juices and cryoconcentrated samples.

Sample
TPC

(mg GAE/g d.m.)
TAC

(mg C3G/g d.m.)
TFC

(mg QE/g d.m.)

Murta Arrayan Murta Arrayan Murta Arrayan

Fresh juice 6.4 ± 0.8 a 20.5 ± 2.1 a 4.2 ± 0.1 a 8.2 ± 0.9 a 3.2 ± 0.0 a 6.0 ± 0.2 a

Cycle 1 8.1 ± 0.2 b 28.7 ± 1.1 b 5.1 ± 0.9 b 10.5 ± 0.5 b 3.6 ± 0.1 b 6.9 ± 0.2 b

TPCC retention (%) 70.0 ± 2.1 A 76.9 ± 0.5 A 66.6 ± 1.0 A 70.8 ± 0.6 A 62.1 ± 0.9 A 63.2 ± 0.1 A

Cycle 2 13.4 ± 1.0 c 47.0 ± 2.9 c 8.3 ± 1.3 c 17.0 ± 2.0 c 5.8 ± 0.4 c 11.4 ± 1.4 c

TPCC retention (%) 78.6 ± 0.9 B 85.9 ± 1.2 B 73.1 ± 1.4 B 77.9 ± 1.1 B 67.8 ± 1.3 B 71.1 ± 2.9 B

Cycle 3 19.9 ± 1.2 d 65.6 ± 3.8 d 12.5 ± 1.7 d 24.8 ± 1.7 d 8.6 ± 0.9 d 17.0 ± 2.3 d

TPCC retention (%) 91.1± 1.5 C 93.1 ± 0.2 C 85.6 ± 2.0 C 88.0 ± 0.7 C 78.1 ± 2.4 C 82.5 ± 1.2 C

a–d: Different small letters in the same column indicate significant differences (p ≤ 0.05) between the fresh juice and their cycles, according
to Fisher’s LSD test. A–D: Different capital letters in the same column indicate significant differences (p ≤ 0.05) between the TPCC retention
at each cycle, according to Fisher’s LSD test. TPCC, TPC, TAC, and TFC, are the total phenolic compound content, total polyphenol content,
total anthocyanin content, and total flavonoid content, respectively.

First, fresh murta juice had TPCC values close to 6.4 mg GAE/g d.m., 4.2 mg C3G/g
d.m., and 3.2 mg QE/g d.m., while fresh arrayan juice had TPCC values of approximately
20.5 mg GAE/g d.m., 8.2 mg C3G/g d.m., and 6.0 mg QE/g d.m., for TPC, TAC, and
TAC, respectively. These results were lower than the ones reported by Ramirez [50], who
reported the phenolic compounds content profile of six small berries from the VIII Region
del Bio-Bío of Chile. However, the differences in TBCC values between the studies might be
explained by the different harvest areas, since the VIII Region del Bio-Bío has dry temperate
climates in summer and rainy temperate climates in winter, and thus, the temperature
varies from 0 to 30 ◦C throughout the year, while the Southern Chile has constant rains
and low temperatures throughout the year [38,51,52]. Hence, the climatic conditions and
geographical characteristics contribute to various differences on fruit maturation, and
in addition, other factors such as genetic and species variabilities, harvesting year, and
growing season affect the phenolic compounds content in final fruits [53].

Concerning TPCC results, a similar behavior to the TSS values was observed, since a
significant increase in TPC, TAC, and TFC values was detected as cycles advanced. Thus,
in the last cycle, for murta juice, the values were close to 20.0 mg GAE/g d.m., 12.5 mg
C3G/g d.m., and 8.6 mg QE/g d.m., and for arrayan juice, the values were approximately
65.6 mg GAE/g d.m., 24.8 mg C3G/g d.m., and 17.0 mg QE/g d.m., for the first, second,
and third cycle, respectively, and thus, these values were over 2.7 times higher than the
correspondent initial TPCC value. This upward trend in TPCC values post-FC has been
observed in numerous food liquids such as green tea extract [21], fruit juices [22–24],
broccoli extract [25], coffee extract [54], and wine [55]. Additionally, the retention specified
a high amount of TPCC in the cryoconcentrated fraction, since the retention values (third
cycle) were close to 91%, 86%, and 78%, for murta juice, and 93%, 88%, and 82%, for arrayan
juice, for TPC, TAC, and TFC, respectively. The results were consistent with the values
informed by Orellana-Palma et al. [41], Casas-Forero et al. [31], and Correa et al. [56], who
reported TPCC retention close to 85%, 71–91%, and 90%, in apple juice, blueberry juice,
and coffee extract, respectively. Therefore, the TPCC value and retention results allow
corroborating that the FC technology can be visualized as a novel alternative due to the
low temperatures used to concentrate, preserve, and retain an endless number of phenolic
components such as polyphenols, anthocyanins, and flavonoids in the cryoconcentrated
fraction [20].

3.3. Antioxidant Activity (AA)

Table 3 shows the AA values of the samples.
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Table 3. Antioxidant activity (μM TE/g d.m.) of fresh juices and cryoconcentrated samples.

Sample
DPPH ABTS FRAP ORAC

Murta Arrayan Murta Arrayan Murta Arrayan Murta Arrayan

Fresh juice 33.4 ± 3.7 a 62.0 ± 7.4 a 48.1 ± 7.6 a 84.8 ± 9.9 a 62.6 ± 5.9 a 92.6 ± 3.1 a 21.7 ± 3.0 a 43.4 ± 4.4 a

Cycle 1 96.9 ± 10.1 b 167.3 ± 11.6 b 110.6 ± 19.1 b 229.0 ± 10.4 b 156.5 ± 15.7 b 287.0 ± 17.2 b 45.6 ± 7.4 b 99.8 ± 11.7 b

Cycle 2 120.2 ± 8.5 c 266.4 ± 20.3 c 187.6 ± 10.7 c 373.1 ± 20.5 c 256.7 ± 13.9 c 416.6 ± 20.7 c 80.3 ± 5.9 c 204.0 ± 17.0 c

Cycle 3 157.0 ± 12.3 d 353.1 ± 14.0 d 250.1 ± 17.2 d 407.0 ± 7.6 d 338.0 ± 21.4 d 509.1 ± 23.1 d 108.5 ± 10.1 d 221.3 ± 20.5 d

a–d: Different superscript letters in the same column indicate significant differences (p ≤ 0.05) according to Fisher’s LSD test.

First, in both murta and arrayan juices, the AA values (μM TE/g d.m.) were approx-
imately 33.4, 48.1, 62.6, and 21.7, and 62.0, 84.8, 92.6, and 43.4, for DPPH, ABTS, FRAP,
and ORAC, respectively. These values were lower than those found by Ramirez et al. [48],
Augusto et al. [57], and Rodríguez et al. [58], who studied some quality properties of
native berries species from different regions of Chile, explicating that the high variability in
AA values can be justified by the interaction of factors such as edaphoclimatic conditions
(climate, light, temperature, and other conditions), geographical zone, cultivar/genotype,
harvesting period, cultivation practice, fruit maturation, type of storage, and even, the type
of juice extraction from the fruit [59].

Once the fruit juices were subjected to three CBFC cycles, an important increase in
the AA values (μM TE/g d.m.) was detected, with AA values from 96.9 to 157.0 and from
167.3 to 353.1, for DPPH, from 110.6 to 250.1 and from 229.0 to 407.0, for ABTS, from 156.5
to 338.0 and from 287.0 to 590.1, for FRAP, and from 45.6 to 108.5 and from 99.8 to 221.3,
for ORAC, from the C1 to C3, for murta juice, and for arrayan juice, which is equivalent
to an increase over 2.1, 2.5, 2.7, and 2.8 times, in comparison to the AA values from the
fresh juices, respectively. In this way, Orellana-Palma et al. [27], Samsuri et al. [60], and
Casas-Forero et al. [61] also observed higher AA values post-FC than the original sample,
demonstrating the positive effects of the FC on TPCC, and in turn, these components allow
concentrating and preserving the antioxidant activity from the fresh juice [21].

3.4. Process Parameters

The η, PC, and Y results at each cycle are presented on Figure 4.

Figure 4. Process parameters at each CBFC cycle: (a) efficiency and percentage of concentrate and (b) solute yield.

The η (Figure 4a) showed a significant decreasing trend from C1 to C3, with values
close to 76%, 72%, and 69%, and 85%, 83%, and 79%, for murta juice and for arrayan
juice, respectively. The results have similar ranges established by Bastías-Montes et al. [26],
Orellana-Palma et al. [41], and Zielinski et al. [62], who studied the effect of FC in various
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liquid samples, specifying that the η can be related to the TSS values. Specifically, the
decrease in η values can be related to the continuous increase in TSS values in the feed
solution at each cycle, since the viscosity increases as the solutes increase, and thus, the flow
of solutes was slowed in the third cycle than in the previous cycles, causing a difficulty in the
separation process. In addition, the high viscosity reduces the ice purity postcentrifugation
(increase in TSS values in the ice fractions cycle to cycle) [43].

The PC (Figure 4a) displayed an increasing tendency as the cycles passed, with values
from 70% to 81%, for murta juice, and from 78% to 88%, for arrayan juice, from the C1
to C3, respectively. The values were similar to those reported in other samples [22,40,62],
suggesting that the PC values can be connected to the components in the fresh juice, since
each juice has multiple components that interact differently in the FC process, and later,
in the separation process, these components can facilitate or complicate the extraction of
cryoconcentrates from the ice fraction [63].

The Y parameter (Figure 4b) showed a significant increasing trend as the cycles
advanced, with values of approximately 0.72, 0.75, and 0.79 (kg solutes/kg initial solutes),
for murta juice, and 0.82, 0.85, and 0.88 (kg solutes/kg initial solutes), for arrayan juice,
for the C1, C2, and C3, respectively. The results had comparable performance that prior
studies [40,41,62], associating the Y values with the recovered mass from the original mass,
i.e., for each applied cycle, a high quantity of mass can be extracted and collected as a
cryoconcentrated sample [64].

4. Conclusions

The application of CBFC allowed obtaining higher solutes than the original sample,
with an intensification of the natural color of the fresh juices, leading to increase in the
phenolic compounds and antioxidant capacity in the cryoconcentrates samples, since the
TPCC and AA results were over 2.7 and 2.1 times higher than the correspondent initial
values, respectively. Moreover, the centrifugation improves the possibility to efficiently
extract more cryoconcentrate from the ice fraction due to the high values in η, PC, and
Y. These data suggest that FC can effectively improve the quality properties as well as
visual appearance in any fruit juices. Thereby, the FC creates a unique opportunity for
food industry, since this novel emerging non-thermal technology concentrates at low
temperatures, and thus, various characteristics from the fresh juice can be retained in
the final concentrated product. Therefore, the next challenge could be linked to FC in the
production of concentrated juice rich in phenolic components and high antioxidant capacity
from endemic fruits at pilot plant scale, and then at industrial scale, and in addition, the
cryoconcentrated samples could be studied with a nutritional perspective.
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Abstract: Fat bloom is an outstanding quality defect especially in filled chocolate, which usually
comprises oils of different origins and with different physical properties. Dark chocolate pralines
filled with nougat contain a significant amount of hazelnut oil in their center and have been reported
as being notably susceptible to oil migration. The current study was designed to test the assumption
that a targeted crystallization of nougat with cocoa butter seed crystals is an appropriate technological
tool to reduce filling oil transfer to the outside of the praline and, hence, to counteract chocolate shell
weakening and the development of fat bloom. For this purpose, the hardness of nougat/chocolate
layer models and the thermal properties of chocolate on top of nougat were analyzed during storage
at 23 ◦C for up to 84 days. Pronounced differences between layer models with seeded nougat and
with control nougat that was traditionally tempered were observed. The facts that chocolate hardness
increased rather than decreased during storage, that the cocoa butter melting peak was shifted
towards a lower temperature, and that the hazelnut oil content in the chocolate was reduced can
be taken as explicit indicators for the contribution of seeded nougat to the fat bloom stability of
filled chocolate.

Keywords: praline; nougat; chocolate; fat bloom; DSC; hardness; crystal seeding; migration

1. Introduction

One of the key quality attributes of dark chocolate is its appearance and, particularly,
a smooth and glossy surface. Fat bloom is a prominent appearance defect that results in a
loss of gloss and that devaluates the products by turning their surface dull and greyish.
The main driving force behind fat bloom is the transformation of ßV cocoa butter crystals
into the ßVI polymorph which, for instance, occurs when a small amount of cocoa butter
is released from the chocolate matrix and recrystallizes at the surface [1–3]. In plain
chocolate, the fat bloom is mainly triggered by (a) insufficient environmental conditions,
for instance, pronounced temperature fluctuations or a storage temperature higher than
the melting point of the ßV polymorph, or by (b) poor tempering during production so that
the necessary crystal nuclei cannot be generated [4,5]. The situation becomes even more
complicated when fats or oils other than cocoa butter are present in the system. These may
either be comprised in the chocolate formulation or may be part of a second system that is
in close contact with the chocolate.

The latter is true in the case of filled chocolate confectionery, for instance, pralines.
A prominent and frequently consumed example is pralines filled with dark "Viennese"
nougat. Similar to chocolate, nougat represents an oil-based multiphase suspension, made
of different constituents. The main ingredients are hazelnuts and sugar which maybe,
depending on the formulation, supplemented by a certain amount of cocoa butter and/or
cocoa mass, milk solids including milk fat, and surface-active compounds. The fat content
of nougat is typically in a range of 30–45 g/100 g and, to a large extent, made of hazelnut
oil [6]. Nougat processing comprises the milling of roasted hazelnuts together with sugar
and the other ingredients, traditionally in edge mills and, nowadays, mainly in five roller
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refiners or in agitated ball mills. Hazelnut oil differs largely from cocoa butter with respect
to fatty acid and, hence, its triacylglycerol composition. As a consequence, the melting point
and the solid fat content at a specific temperature also differ, and significant interactions
between the fat phases of nougat and the surrounding chocolate can be expected.

The driving force behind fat bloom in confectionery products with different fats is
migration [7]. The concentration difference at the interface between the chocolate shell and
the filling induces a diffusive transport of the filling oil through the chocolate shell towards
its outside, especially when the filling is rich in unsaturated fatty acids. Due to the higher
mobility of the unsaturated oil, metastable cocoa butter crystals dissolve in the migrating
oil and recrystallize at the surface as stable ßVI [8]. Apart from geometrical considerations,
it has been reported that milk fat or some vegetable fats included in chocolate may help to
decelerate fat bloom [9], or that specific barrier layers between chocolate and filling can be
successfully introduced as a third component [10,11].

Seeding with cocoa butter crystals is an established alternative to the traditional
stir/shear temper technology of chocolate [12]. Especially when containing cocoa butter,
nougat also needs to be tempered during processing, regularly by applying the stir/shear
technology. The current study aimed to evaluate whether a targeted pre-crystallization of
dark nougat with cocoa butter crystals could be an innovative technology to enhance the
long-term physical stability of filled confectionery products.

2. Materials and Methods

2.1. Materials

Dark chocolate mass, made of sugar, cocoa mass, cocoa butter, and soy lecithin, with
a fat content of 32.4 g/100 g, was obtained from a German chocolate manufacturer. Four
commercial nougat samples, encoded #A, #B, #C, and #D, and the respective formulations
(Table 1) were obtained from two companies. SEED 100 cocoa butter crystals (ßV) were
provided by Uelzena eG (Uelzen, Germany). The melting peak temperature measured by
DSC was 34.0 ± 0.1 ◦C and the phase transition enthalpy was 132.5 ± 0.7 J/g, which is in
line with literature data on the ßV polymorph [13,14] (Figure S1). It needs to be mentioned
that other researchers (e.g., [12,15] associated such a melting temperature with polymorph
ßVI, but this will not be discussed further. The seed crystal powder has a mean particle size
of approx. 25 μm [16], which was confirmed by light microscopy (Figure S2). All chemicals
used in the study were of analytical grade.

Table 1. Formulation of the nougat samples (g/100 g) used in this study.

Ingredient Nougat #A Nougat #B Nougat #C Nougat #D

Hazelnuts 44.2 47.0 38.0 30.0
Sucrose 39.3 42.0 49.0 49.0

Cocoa mass 5.0 8.0 7.0
Milk solids 3.0 4.5

Cocoa butter 8.5 11.0 5.0 8.5
Sunflower lecithin <0.1 <1.0

Vanilla extract <0.1

2.2. Production and Storage of Nougat/Chocolate Layer Models

Layer models were produced to ensure controlled contact between nougat and choco-
late. For this purpose, 16.0 ± 0.2 g liquid nougat was transferred into Petri dishes of
55 mm diameter, manually compacted by vibration, and solidified at 18 ◦C for 7 d in an
environmental chamber. This nougat layer had a thickness of approx. 5 mm. The following
samples were prepared: (a) Control plates were made at the nougat manufacturer sites
after stir/shear tempering and, after solidification as specified above, sent to the labora-
tory. (b) For the experimental plates, nougat was melted at 50 ◦C overnight, mixed, and
then cooled to 27 ◦C under continuous stirring. The amount of ßV cocoa butter crystals
subsequently added was either 0.5%, 1.0%, or 2.0%, as related to the total fat content of
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the nougats. The average temper degree of the nougat immediately before weighing into
the plates was determined using an E3 tempermeter (Sollich KG, Bad Salzuflen, Germany).
The temper degree was 5.1 ± 0.2 when seeded with 0.5% crystals, 5.8 ± 0.3 when seeded
with 1%, and 6.6 ± 0.3 when seeded with 2% cocoa butter crystals.

After solidification, the nougat plates were overlaid with 6.0 ± 0.2 g tempered choco-
late, resulting in a layer of approx. 2 mm thickness. The chocolate used for this purpose
was melted and conditioned to 50 ◦C overnight and tempered at 31 ◦C using a Minitemper®

Turbo (Sollich KG, Bad Salzuflen, Germany). The final layer models were solidified at 18 ◦C
for 24 h and subsequently stored at 23 ± 0.2 ◦C for up to 84 d in an environmental chamber.
Individual samples of the layer models were analyzed after 1, 7, 21, 28, 63, and 84 d.

2.3. Methods for the Analysis of Raw Materials

Particle size distributions were analyzed using a HELOS KR laser diffractometer
(Sympatec GmbH, Clausthal-Zellerfeld, DE). Prior to analysis, a 2 g sample conditioned
to 50 ◦C was suspended in 10 g sunflower oil of the same temperature in duplicate [17].
Measurements were carried out in a 50 mL cuvette filled with sunflower oil to which
the sample suspension was dropwise added until an optical density of approx. 30% was
achieved. From the volume-specific density distribution the x10, x50, and x90 diameters,
representing the 10%, 50%, and 90% quantiles, respectively, were taken.

The amount of mobile fat was determined using a centrifugation method [18]. Four-
teen g melted nougat was transferred into conical tubes and centrifuged at 35 ◦C for 15 min
at 10,200 g (Heraeus Biofuge Stratos, Kendro Laboratory Products GmbH, Langensel-
bold, Germany). The amount of separated fat was weighed and represents the mobile fat,
expressed as a gravimetric fraction of total fat.

Viscosity measurements were carried out with a MARS III rheometer equipped with
a concentric CC25DIN geometry (ri = 12.54 mm, ro = 13.60 mm, h = 37.62 mm; Thermo
Fisher GmbH, Karlsruhe, Germany). The temperature was kept constant at 40 ◦C using
a Peltier device. After equilibration and pre-shearing for 300 s at 5/s, the shear rate was
increased from 2/s to 50/s within 180 s, kept constant at 50/s for 60 s, and then reduced to
2/s in another 180 s [19]. Fifty data points per ramp were recorded in logarithmic spacing.
The downward cycle was used for fitting the shear stress—shear rate data to the Casson
model, and Casson yield stress and viscosity were taken as descriptors.

2.4. Methods for the Analysis of Raw Materials and Layer Models

The hardness of base chocolate, nougat, and chocolate/nougat layers was measured
using a TA.XTplus texture analyzer (Stable Micro Systems Ltd., Surrey, UK) equipped with
a 50 N force transducer [20]. By applying a crosshead velocity of 1 mm/s, samples were
penetrated with a 2 mm diameter plunger. The maximum penetration depth was 2 mm.
The maximum force was taken as a hardness indicator and calculated as an arithmetic
mean of 8 replicate measurements (2 Petri dishes × 4 measurements per petri dish).

Thermal properties of chocolate were determined in duplicate with a DSC25 instru-
ment connected to an RCS90 cooling unit (TA Instruments GmbH, Eschborn, Germany).
Using an analytical balance, 5 ± 0.2 mg sample scratched from the surface of the layer
models was transferred into a standard aluminum pan and closed. An empty pan served
as a reference. After cooling to −50 ◦C and stabilization for 3 min, the samples were heated
to 45 ◦C at 10 K/min under a continuous nitrogen flow of 50 mL/min. The thermograms
were evaluated with respect to cocoa butter melting peak temperature and the enthalpy of
the nut oil melting peak, which was calculated from the heat flow function.

2.5. Sensory Analysis

A duo-trio forced-choice test setup was used to evaluate whether stir/shear tempered
and seeded nougat can be distinguished by tasting. For this purpose, 6 g aliquots of
tempered or seeded nougat were dosed into paper cupcakes with an upper diameter of
35 mm and a height of 20 mm. The samples were then stored for 7–10 d at 18 ◦C.
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A panel of 10 trained panelists took part in the study. Informed consent was obtained
from all subjects involved in the study. Due to CoVid-19 restrictions, author A.B. who
was in charge of the experiments delivered triads of the samples to the individual offices
of the subjects. Samples were presented in Petri dishes encoded with 3-digit random
numbers, and the panelists were asked to identify the odd specimen. The number of correct
identifications was judged for significance using the tables of Roessler et al. [21].

2.6. Statistics

Statistical data evaluation was carried out using SAS® Studio 3.8 University Edition
(SAS Institute Inc., Cary, NC, USA). Outliers were identified with the Dixon-Q test at
p < 0.05. One-way analysis of variance was followed by Fisher’s least significant difference
post-hoc tests. All significance statements given in this study refer to an error probability
level of p < 0.05.

3. Results and Discussion

3.1. Description of the Base Nougat

The total fat content of the base nougats ranged from 36.0–44.0 g/100 g (Table 2). The
relative amount of cocoa butter in the oil fraction of the nougats was calculated based
on an approximate fat content of the cocoa mass (53 g/100 g) and the amount of cocoa
butter in the formulation, and ranged between 25.2% and 29.5% (nougat #A, #B, #C) but
was 41.7% in case of nougat #D. The fraction of mobile fat was significantly higher for
samples #A and #B than for nougat #D (approx. 26% vs. 18.5%, respectively). As for
chocolate, the flow properties of liquid nougat depend on the volume fraction and surface
properties of dispersed particles and are additionally affected by the presence of surface-
active compounds [22,23]. Casson yield stress and viscosity were lowest for nougat #B
which had the highest fat content and, hence, the lowest particle load, and highest for
#D which showed the lowest fat content and, additionally, the lowest amount of mobile
fat. Nougat hardness measured by penetration was approx. 1 N (samples #A, #B, #C) but
significantly higher for nougat #D (3.76 ± 0.32 N).

Table 2. Fat distribution and physical properties of base nougat. Mean values with different superscripts in a column
indicate statistical differences (p < 0.05).

Nougat Total Fat (g/100 g) 1 Mobile Fat (%) 2 Yield Stress (Pa) 2 Viscosity (Pa.s) 2 Hardness (N) 3

#A 37.6 27.2 ± 0.3 a 10.78 ± 0.07 b 1.75 ± 0.02 b 0.95 ± 0.12 b

#B 44.0 25.5 ± 0.8 a 3.78 ± 0.05 c 1.43 ± 0.04 c 1.31 ± 0.16 b

#C 37.0 23.1 ± 1.1 ab 10.25 ± 0.17 b 3.25 ± 0.04 a 1.24 ± 0.24 b

#D 36.0 18.5 ± 1.0 b 12.90 ± 0.09 a 3.87 ± 0.03 a 3.76 ± 0.32 a

1 Data from manufacturer specifications; 2 Data is arithmetic mean ± half deviation range (n = 2); 3 Data is arithmetic mean ± standard
deviation (n = 8).

Figure 1 displays the logarithmic volume-based particle size distributions, which
were monomodal for all samples. The particle diameter median (x50,3) was 6.1 μm for
the chocolate, and slightly higher (7.4–8.5 μm) for the four nougats. The span between
the x10,3 and the x90,3 quantiles was 22.4 μm and 21.8–33.6 μm for chocolate and nougat,
respectively. The highest x90,3 diameter (35.1 μm) was observed in the case of nougat
#C, which is slightly above the critical particle size for chocolate concerning the sensory
perception of graininess [24,25]. This value was, however, recently questioned by de
Pelsmaeker et al. [26].

It is evident from the data that the nougat samples are representative of what is
available on the market, starting with the high fat, low viscosity variant #B comprising of
only hazelnuts, sugar, and cocoa butter. The fraction of dispersed particles for all other
nougats were explicitly higher, with some also containing milk solids and/or cocoa mass
and/or surface-active compounds such as lecithin at varying concentration.
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Figure 1. Particle size distributions of nougat samples #A–#D and of the chocolate used for the
preparation of the layer models.

3.2. Storage Induced Changes and Nut Oil Migration

Figure 2 depicts the development of the hardness of the surface chocolate during
storage as affected by nougat variety and pre-crystallization method and intensity. One day
after production of the layer model, the hardness of the chocolate on top of the nougat was
13.9 ± 1.8 N for sample #A, 14.9 ± 1.8 N for #B, and 17.2 ± 2.1 N for #C. The mechanical
response of nougat #D was 23.5 ± 2.3 N, thus reflecting the contribution of the stiffer
bottom layer (see nougat hardness in Table 2) to chocolate hardness.

During storage at 23 ◦C, the hardness of the chocolate of the control sample decreased,
especially within the first four weeks. After that, further changes in sample hardness were
only minor. It is also evident that the relative deviation of the repeated measurements of
individual samples increased with storage time. This can be attributed to local effects and
increasing differences between local spots at the surface of the layer models. As indicated
in the chart, the softening induced by 84 d storage was significant for chocolate on top of
nougat #A, #B, and #D.

The situation is, however, different when cocoa butter crystals were used to induce
pre-crystallization in nougat. In case an amount of 0.5% or 1% seed powder was used for
seeding, initial chocolate hardness was approx. 10 N, with the highest values again for
samples with nougat #D. In the first 20–30 d of storage, the systems slightly solidified,
presumably because of an ongoing slow crystallization of cocoa butter and a resulting
formation of a fat crystal network in the bottom nougat layer that presumably blocks
the fat migration pathway due to microstructural changes [27,28]. At this particular time,
chocolate hardness was almost similar to the hardness of chocolate on top of the industrially
tempered control nougat. Using chocolate hardness as an indicator, it was not possible
to detect further changes after that period of time. Except for nougat #A seeded with 1%
cocoa butter crystals, analysis of variance with subsequent post-hoc tests revealed that
the hardness of the chocolate layer at the end of storage was significantly higher than its
initial hardness. The more pronounced hardness increase of the nougat #D sample can
be attributed to the lower amount of nut oil that was present in this system. As regards
nougat with 2% seed crystals, chocolate on top of it was even harder than the control
immediately after production of the layer models. This system remained stable during
approx. 4 weeks but, subsequently, showed a significant trend toward time-dependent
softening. Although the investigated systems are not fully comparable, the mechanism
behind a reduced nut oil migration is presumably similar to that observed with respect to
oil separation in spreadable nougat creme [29,30], namely that the formation of some sort
of fat crystal network in the nougat significantly lower filling oil mobility.
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Figure 2. Development of the hardness of the nougat/chocolate layer models during storage at
23 ◦C for 84 days. Four different nougats (#A, #B, #C, #D) were either tempered using the stir/shear
technique (control) or seeded with different amounts of cocoa butter crystals. For the sake of clarity,
symbols are slightly shifted along the x-axis. Data are arithmetic mean ± standard deviation of
8-fold measurements. The hardness of samples at 84 days marked by a filled symbol is significantly
(p < 0.05) different from the hardness of the fresh layer models.
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Figure 3 depicts the effects of nougat crystallization on storage-induced changes of the
cocoa butter melting peak temperature in chocolate taken from the surface of the samples.
Immediately after production, the peak temperature ranged from 32.2–32.9 ◦C, which is
typical for cocoa butter with ßV crystals [31,32]. In all control samples, the cocoa butter
melting temperature increased continuously with ongoing storage and finally reached
approx. 34.5 ◦C. This shift indicates that a significant fraction of ßV crystals transformed
into the ßVI modification, which shows a typical melting temperature of approx. 35–36 ◦C.
Their presence can be regarded as an indicator and expression of fat bloom [3,9,33].

Figure 3. Development of the melting peak temperature of chocolate on top of the nougat/chocolate
layer models during storage at 23 ◦C for 84 days. Four different nougats (#A, #B, #C, #D) were either
tempered using the stir/shear technique (control) or seeded with different amounts of cocoa butter
crystals. For the sake of clarity, symbols are slightly shifted along the x-axis. Individual data are
arithmetic mean ± half deviation range of duplicate measurements. Mean values after different
storage times labeled with different letters differ significantly (p < 0.05).
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This increase in the temperature of the melting peak was significantly lower in choco-
late placed on top of the nougat seeded with cocoa butter crystals than in the control
sample. This effect was especially observed when 0.5% or 1% crystals were added, and
the respective delay in the shift of the peak temperature was evident at least for a storage
period of 63 d. When 2% seeding crystals were used, the melting temperature was stable
for at least 28 d.

Figure 4 depicts temperature-resolved thermograms of the chocolate placed on top of
control nougat #A and those of chocolate on nougat #A that was seeded with 1% cocoa
butter crystals. On the day after producing the layer models, the progress of the heat flow
in the samples was almost identical. After storage for 21 d the presence of a compound
with a melting temperature of approx. −7 ◦C, obviously resulting from a small amount of
hazelnut oil being present, started to become visible especially in the chocolate of the layer
models with the control nougat. When plotted against time, the phase transition enthalpy
corresponds to the area of the heat flow peak.

Figure 4. Average melting curves (endo up, n = 2) of chocolate on top of nougat stored for different periods of time (1, 28,
63, and 84 days). Grey lines, chocolate on top of control nougat; red lines, chocolate on top of nougat #A. The nut oil melting
peak is marked by an arrow. For the sake of clarity, the red lines are shifted along the y-axis by 0.5 W/g.

For a storage time of 28 d and 84 d, the specific melting enthalpy of the chocolate sur-
face as affected by the type of nougat and by the nougat crystallization method is outlined
in Table 3. The relatively large deviation between some of the duplicate measurements can
again be attributed to local effects at the surface where the samples were taken. However,
it is, on average, evident from the data that, during the first period of storage, the seeding
of nougat with cocoa butter crystals significantly reduced the migration of nut oil to the
chocolate surface. This result is in good agreement with the melting peak data presented
in Figure 3: a higher nut oil melting enthalpy in chocolate can be regarded to trigger the
transformation of cocoa butter crystal morphology from ßV to ßVI with the accompanying
shift in melting temperature. After long-term storage, the stabilizing effect of the seeding of
nougat with cocoa butter crystals diminishes, and so do the significances of the differences.

In three sets of sensory discrimination tests, pure nougat seeded with 0.5% or 1%
cocoa butter crystals was tested against the control prepared by the stir/shear technique
and, in addition, against each other. In all cases, the number of correct identifications
was seven at a maximum which means that the sensory panel could not discriminate the
samples at an error probability level of p < 0.10.

Figure 5 finally shows the appearance of the nougat #A control layer models and,
exemplary, the layer model with the same nougat seeded with 1% cocoa butter crystals.
The photographs clearly show the differences in fat bloom intensity which is visible at the
surface of the top layer chocolate and, especially, at the interface between the nougat layer
and the chocolate.

148



Foods 2021, 10, 1056

Table 3. Effects of crystal seeding on specific enthalpies (J/g) of the nut oil melting peak in the
chocolate on top of nougat layers after 28 or 84 days of storage at 23 ◦C. Mean values with different
superscripts in a column indicate statistical differences (p < 0.05).

Nougat Seeding Nougat #A 1 Nougat #B Nougat #C Nougat #D

Storage time: 28 days
Control 1.83 ± 0.25 a 2.02 ± 0.30 a 1.64 ± 0.27 a 0.73 ± 0.09 a,b

0.5% seed crystals 1.07 ± 0.18 b 1.56 ± 0.14 a 0.71 ± 0.05 b 1.09 ± 0.32 a

1% seed crystals 1.09 ± 0.02 b 1.58 ± 0.28 a 0.76 ± 0.12 b 0.28 ± 0.09 b

2% seed crystals 0.96 ± 0.12 b 0.42 ± 0.04 b 0.37 ± 0.04 b 0.32 ± 0.12 b

Storage time: 84 days
Control 9.21 ± 0.73 a 8.77 ± 0.23 a 7.34 ± 0.77 a 4.65 ± 0.18 a

0.5% seed crystals 6.58 ± 0.44 b 4.45 ± 0.36 b 7.37 ± 0.04 a 4.73 ± 0.52 a

1% seed crystals 6.05 ± 0.46 b 8.68 ± 0.62 a 7.38 ± 0.58 a 3.66 ± 0.54 a

2% seed crystals 9.03 ± 0.44 a 7.78 ± 0.89 a 6.90 ± 0.07 a 4.51 ± 0.24 a

1 Data is arithmetic mean ± half deviation range (n = 2). Mean values in a data block marked with different
superscripts (a,b) differ significantly (p < 0.05).

  
(a) (c) 

  
(b) (d) 

Figure 5. Layer models after 28 days storage at 23 ◦C showing enhanced fat bloom at the interface
between nougat and chocolate (a) and at the chocolate surface (b), and corresponding systems with
nougat #A seeded with 1% cocoa butter crystals: interface between nougat and chocolate (c) and
chocolate surface (d).

4. Conclusions

The current study shows that, under controlled conditions, the pre-crystallization of
nougat by seeding with cocoa butter crystals may be considered appropriate for improving
the physical storage stability of pralines and delaying the onset of fat bloom. In the layer
models used in the experiments, the thickness of the chocolate layer was uniform across
the tested surface. Such a uniform chocolate shell thickness can be achieved when molding
techniques such as the frozen cone technology are used. It needs, however, to be tested
in further studies whether the stability of filled systems can also be improved when shell
thickness variations, resulting from standard molding techniques such as form inverting or
spinning, are present.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10051056/s1, Figure S1: Melting curves (duplicate measurement) of the ßV cocoa butter
seed powder used in this study, Figure S2: Light microscopy images of the ßV cocoa butter seed
powder used in this study.
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Abstract: The addition of contaminated powdered spices and seasonings to finished products which do
not undergo further processing represents a significant concern for food manufacturers. To reduce the
incidence of bacterial contamination, seasoning ingredients should be subjected to a decontamination
process. Ultraviolet light emitting diodes (UV-LEDs) have been suggested as an alternative to UV lamps
for reducing the microbial load of foods, due to their increasing efficiency, robustness and decreasing cost.
In this study, we investigated the efficacy of UV-LED devices for the inactivation of four bacteria (Listeria
monocytogenes, Escherichia coli, Bacillus subtilis and Salmonella Typhimurium) on a plastic surface and in
four powdered seasoning ingredients (onion powder, garlic powder, cheese and onion powder and
chilli powder). Surface inactivation experiments with UV mercury lamps, UVC-LEDs and UVA-LEDs
emitting at wavelengths of 254 nm, 270 nm and 365 nm, respectively, revealed that treatment with UVC-
LEDs were comparable to, or better than those observed using the mercury lamp. Bacterial reductions
in the seasoning powders with UVC-LEDs were less than in the surface inactivation experiments, but
significant reductions of 0.75–3 log10 colony forming units (CFU) were obtained following longer (40 s)
UVC-LED exposure times. Inactivation kinetics were generally nonlinear, and a comparison of the
predictive models highlighted that microbial inactivation was dependent on the combination of powder
and microorganism. This study is the first to report on the efficacy of UV-LEDs for the inactivation of
several different bacterial species in a variety of powdered ingredients, highlighting the potential of the
technology as an alternative to the traditional UV lamps used in the food industry.

Keywords: ultraviolet; LED; inactivation; bacteria; powder; foods

1. Introduction

The microbial contamination of powdered ingredients is not considered a major
problem due to the limitation of growth by the low water activity (aw) value. However,
the addition of contaminated raw powder material to ready-to-eat (RTE) foods may result
in the contaminants multiplying to high levels, thus posing a risk to public health. Van
Doren et al. (2013) undertook a review of the Centers for Disease Control and Prevention’s
Foodborne Disease Outbreak Surveillance (CDCs FDOSS) System, finding that between
1973 and 2010, 14 reported foodborne outbreaks that were attributed to the consumption of
contaminated spices such as red pepper and curry powder occurred across 10 countries
and resulted in 1946 illnesses, 128 hospitalisations and 2 deaths [1]. Salmonella enterica and
Bacillus cereus were identified as the main causative agents. Seventy per cent of illnesses
were attributed to consumption of RTE foods prepared with spices which were applied
after the food manufacturing pathogen reduction step, while in 75% of outbreaks, it was
reported that no pathogen reduction step had been applied to the spice. Furthermore, the
authors identified an additional seven spice-related foodborne outbreaks which lacked
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microbiological or epidemiological evidence and therefore did not meet the inclusion
criteria of the study, highlighting the probability that the number of foodborne outbreaks
associated with consumption of contaminated spices is under-reported [1]. Along with this,
studies have found dried herbs and spices to be contaminated with various microorganisms
including Salmonella spp., Clostridium perfringens, Escherichia coli, Staphylococcus aureus and
Enterobacter spp. at the point of retail [2–4]. Thus, spices and seasonings should be subject to
a decontamination process in order to protect the consumer and prevent foodborne disease.

Given the serious consequences of foodborne infection and the economic costs associ-
ated with destroying contaminated batches and product recalls, it is not surprising that
food manufacturers are seeking novel approaches for the control of foodborne pathogens.
Various methods have been used to reduce microbial levels in powdered seasonings in-
cluding thermal processing and irradiation; however each of these methods has limitations.
Studies have shown heat treatment to be less effective for microbial decontamination in
low-moisture foods such as powders and spices [5,6], while high temperatures can alter the
characteristics of the powders such as the flavour, colour and aroma [7,8]. Although irradi-
ation is an effective method for reducing the microbial load of spices, studies have reported
negative impacts on the sensory properties of powders, such as a change in appearance, dif-
ference in aroma and off-flavours [9,10]. Therefore, alternative decontamination processes
are required, one of which could be UVC-LED radiation.

UV radiation is a well-established method for the reduction or elimination of pathogens
from foods [11–14] and has also been tested for the decontamination of powdered ingre-
dients such as flour powdered infant formula (PIF), black pepper and powdered red pep-
per [15–22]. The UV spectrum is subdivided into the UVA (315–400 nm), UVB (280–315 nm)
and UVC (<280 nm) ranges, each with a specific effect on microorganisms. As maximum
DNA absorption of UV light occurs at the peak wavelength of 260–265 nm, UVC radiation
is usually the most effective for microbial inactivation [23]. Due to this, low-pressure (LP)
or medium-pressure (MP) mercury lamps emitting UVC light at a wavelength of 254 nm
have traditionally been used for decontamination; however, these lamps have several disad-
vantages, including a relatively large footprint and the requirement of a warm-up period
prior to use [24]. In addition, they pose a health risk to consumers due to possible breakage
of the lamp and lamp sleeve and, consequently, the potential release of mercury particles
onto the food products undergoing treatment [25], while there is a risk of mercury waste
accumulation if not disposed of correctly, which can have damaging effects on human health
and the environment [26].

UV light-emitting diodes (UV-LEDs) have emerged as an alternative to traditional UV
lamps in recent years. LEDs are composed of layers of semiconductor material which emit
light when an electrical current is applied [27]. UV-LEDs are a more sustainable source of
energy than UV lamps as they do not use mercury, they can reach maximum output power
instantaneously and are becoming increasingly more efficient and economically viable as
time goes on. Moreover, their compactness and robustness have highlighted the potential of
UV-LEDs as a cost-effective inactivation technology within the food industry [28]. In recent
years, UV-LED radiation has been applied to liquid beverages such as fruit juices [29–31]
and solid food products such as cheese, lettuce, cabbage, tuna fillets and chicken [24,32–34]
for the reduction of foodborne pathogens. Despite this, the efficacy of UV-LEDs for the
inactivation of bacteria in powdered ingredients remains largely uninvestigated, with just
two studies found in the literature which investigated the efficacy of UV-LEDs for the
inactivation of bacteria in low aw foods, both of which focused on heat resistant strains of
Salmonella spp. in wheat flour [35,36]. Therefore, the objective of this study was to firstly
compare the performance of a UV lamp to UV-LEDs for the surface inactivation of four
bacteria (Listeria monocytogenes, E. coli, Bacillus subtilis and Salmonella Typhimurium) and
following this, investigate the efficacy of UVC-LEDs for inactivation of the bacterial strains
in four different seasoning powders.
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2. Materials and Methods

2.1. UV Devices

The UV and UV-LED devices used in this study were assembled by the Centre for
Advanced Photonic and Process Analysis (CAPPA), MTU, Cork. Two types of UV-LED
devices were used, emitting at both UVC and UVA wavelengths. The 270 nm UVC LED-
based lamps were built around KL265-35R-SM-GD Crystal IS devices (Crystal IS, New York,
NY, USA) and the LEDs were driven at a maximum current rating of 300 mA. The 365 nm
UVA LED-based lamps were built around LED Engin LZ1 UV 365 nm Gen2 Emitter devices
(Osram, Munich, Germany) and driven at a maximum current rating of 1 A. For comparison
purposes, a traditional 254 nm mercury lamp was also included in the study, based around
100 mm low pressure Rexim MCCUV-CV-100 × 8 × 100 Hg bulbs (Rexim, Watertown,
MA, USA) with 12VDC INV-1L-12V inverters. The emission spectra of each was measured
using a UVPad E radiometer (Opstytec Dr. Groebel, Ettlingen, Germany) (Figure 1A). The
distance between each of the emitters and the test samples in this study was set at 20 mm
for both surface and powder inactivation experiments (Figure 1B).

Figure 1. (A) Emission profiles of (1) mercury lamp at 254 nm; (2) UVC-LED at 270 nm; (3) UVA-LED
at 365 nm. (1) and (2) were measured at 20 mm distance while (3) was measured at 100 mm distance.
(B) Schematic diagram of the UV-LED experimental set-up. This image was created with BioRender.

2.2. Bacterial Strains and Growth Conditions

The strains used in this study were obtained from the MTU Cork culture collection.
L. monocytogenes LO28, Salmonella enterica subsp. enterica serovar Typhimurium (S. Ty-
phimurium) ATCC 49416 and Bacillus subtilis subsp. Spizizenii (B. subtilis) ATCC 6633 were
grown aerobically in brain heart infusion (BHI) broth (LabM, Lancashire, UK) at 37 ◦C.
E. coli DH5αlux contains a plasmid with a kanamycin resistance gene and was grown at
37 ◦C in Luria-Bertani (LB) broth (LabM, Lancashire, UK) supplemented with 100 μg/mL
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kanamycin (Merck, Darmstadt, Germany). Stocks of all strains were maintained at −20 ◦C
and −80 ◦C in a final concentration of 40% glycerol (Merck, Darmstadt, Germany).

2.3. Sample Preparation
2.3.1. Petri Dish Surfaces

A 1 mL sample from overnight cultures of each strain was centrifuged at 5000× g
for 10 min, washed and resuspended in an equal volume of 1

4 strength Ringers’ solution
(Merck, Darmstadt, Germany). Washed cultures were diluted to a starting concentration
of ~107 CFU/mL. Sterile cotton swabs were soaked in the standardised cultures and were
used to transfer the inoculum to a small circular area (diameter of 11 mm) in the centre of a
sterile Petri dish. Inoculated Petri dishes were left to dry and cultures were re-applied two
more consecutive times, resulting in an inoculation level of approx. 104 CFU.

2.3.2. Seasoning Powders

Four seasoning powders (garlic, onion, cheese and onion, and chilli) were sourced from
a food manufacturing facility and used in the current study. Particle size of the powders
were determined using a Horiba XploRA™ plus confocal Raman microscope. Powders
were dispersed over a standard microscope slide. A mosaic image was created with a
50 × objective over a 2 × 2 mm area and processed using the ParticleFinder™ module in
the Horiba LabSpec 6 software package. Briefly, this software analyses and counts particles
in the image, measuring the particle diameter within defined limits and error margins.
A statistical fit is then applied to the size distribution of the particles, which may show
single or bimodal distribution. In the current study, approximately 102–103 particles were
detected per powder sample. The following imaging processing steps were applied prior
to exporting the particle size data: remove edge particle, fill holes, erode filter: 3 × 3 and
close filter: 3 × 3. The water activity (aw) of the samples was measured at 25 ◦C using a
LabMaster-aw neo water activity meter (Novasina AG, Lachen, Switzerland) (Table 1).

Table 1. Seasoning powder properties.

Powder Particle Size (μm) aw

Garlic 4.64 ± 2.58 0.358
Onion 24.14 ± 14.57 0.336

Cheese and onion 31.24 ± 14.69 0.371
Chilli (large particles) 1 55.75 ± 55.28 0.430

Chilli (fine particles) 15.20 ± 20.99 0.430
1 Two particle sizes were measured for chilli powder due to the presence of large and fine particles in the sample.

Prior to testing, the absence of the four target microorganisms was confirmed by dilut-
ing 1 g of powder in 9 mL of 1

4 strength Ringer’s solution and plating onto mannitol yolk
polymyxin (MYP) agar (Oxoid), Listeria selective agar (LSA) (Merck, Darmstadt, Germany),
xylose lysine deoxycholate (XLD) agar (LabM, Lancashire, UK) and eosin methylene blue
(EMB) agar (LabM, Lancashire, UK) for selection of B. subtilis, L. monocytogenes, S. Ty-
phimurium and E. coli, respectively. Samples were also plated onto BHI agar to assess
background microbiota. Powders were inoculated following the method of Callanan et al.
(2012) with some modifications [37]. Briefly, overnight cultures (40 mL) of each strain were
centrifuged at 10,000× g for 10 min, the supernatant was discarded, and excess liquid
removed from the pellet using a pipette. Pellets were air dried in a biological safety cabinet
for 1.5 h. Powders were inoculated by mixing the dried pellet with 10 g aliquots of the
powders using a sterile glass rod until a total of 50 g of powder was inoculated, resulting
in an initial population of between 5 and 6 log10 CFU/g. To assess even distribution of the
inoculum, 5 samples were taken from different areas of each inoculated powder samples
and enumerated, with variations (standard deviation) of between 0.3 and 0.5 log10 CFU/g
observed. Samples were stored in containers aerobically at room temperature for at least
48 h prior to use.
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2.4. UV and UV-LED Inactivation

All UV inactivation experiments were performed in a Class II biological safety cabinet
at room temperature. Samples were placed on a stainless-steel surface at a distance of
20 mm from the UV or UV-LED source. For surface decontamination experiments, the
inoculated Petri dish surfaces were exposed to UV (mercury lamp), UVC-LED and UVA-
LED sources emitting at 254 nm, 270 nm and 365 nm, respectively, with exposure times
of 5 s, 10 s, 20 s and 40 s corresponding to the doses shown in Table 2. For treatment
of powders, 1 g of inoculated powder was distributed in a thin layer onto the surface of
a styrene container with an area of 36.5 cm2 (73 mm × 50 mm × 11 mm), resulting in
a powder layer thickness not exceeding 1.5 mm. Powders were exposed to UVC-LED
radiation for treatment times of 5–40 s.

Table 2. Light intensity data for UV mercury lamp (254 nm), UVC-LED (270 nm) and UVA-LED
(365 nm) measured at 20 mm at maximum current using a UVPad E radiometer.

Time (s) UV Radiation Dose (mJ/cm2)

254 nm 270 nm 365 nm

5 20 16 1700
10 40 32 3400
20 80 64 6800
40 160 128 12,600

2.5. Bacterial Enumeration

Following UV and UV-LED exposure, surviving cells were recovered from the inocu-
lated Petri dishes by soaking fresh sterile swabs in 1 mL of 1/4 strength Ringers’ solution
and swabbing the inoculated area three times. The recovered cells were serially diluted
in 900 μL of 1/4 strength Ringers’ solution and 100 μL aliquots of dilutions were spread
plated onto BHI agar for B. subtilis, L. monocytogenes and S. Typhimurium or LB agar supple-
mented with 100 μg/mL kanamycin for E. coli DH5αlux. Following UVC-LED treatment
of the powder samples, samples were serially diluted 1/4 strength Ringers’ solution. As
the powders provided were not sterile and contained low levels of background microbiota
(<102 CFU/g), 100 μL aliquots of the sample dilutions were spread plated onto MYP agar,
LSA, XLD agar or LB agar supplemented with 100 μg/mL kanamycin for selection of B.
subtilis, L. monocytogenes, S. Typhimurium and E. coli, respectively. Plates were incubated at
37 ◦C for 48 h. Following incubation, colonies were counted and results were expressed as
the mean log10 CFU/mL(g) ± standard deviation.

2.6. Modelling of Bacterial Inactivation Kinetics
2.6.1. Log-Linear Model

The log-linear model is based on traditional first-order inactivation kinetics. It assumes
that cells have equal susceptibility and that lethality occurs randomly over time during the
inactivation treatment. The model equation is written as follows:

Nt = N0 exp(−kmaxB·t) (1)

where Nt is the population at time t (CFU/g), N0 is the population at time 0, kmaxB is the
maximum specific inactivation rate (s−1) and t is the time (seconds) [38].

2.6.2. Biphasic Model

Described by Cerf (1977), the biphasic model consists of two phases—an initial log-
linear decrease (first-order kinetics) due to inactivation of a sensitive microbial population,
followed by a second, slower rate of decrease of a more stress-resistant microbial popula-
tion (tail):

log10 Nt = log10 N0 + log10( f · exp(−kmax1·t) + (1 − f )· exp(−kmax2·t)) (2)
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where Nt, N0 and t are as defined above, f and (1 − f ) are the UV-resistant and UV-
sensitive population fractions, respectively. Kmax1 and Kmax2 (s−1) are the maximum specific
inactivation rates of the UV sensitive and the UV resistant populations, respectively [39].

2.6.3. Weibull Model

Due to heterogeneity in a sample, bacterial strains may not always follow first-order
kinetics. Following UV light treatment, inactivation curves generally exhibit a sigmoidal
shape and may display concavity or convexity behaviours, which can be described by the
Weibull model:

Log10

(
Nt

N0

)
= −

(
t
δ

)p
(3)

where Nt, N0 and t are as defined above, δ is the scale parameter and p is the shape
parameter. p < 1 represents upward concavity of the curve, indicating stress adaptation of
surviving microorganisms following UV treatment. p > 1 represents downward concavity,
indicating that the cells become increasingly damaged with increasing treatment time. p = 1
represents a linear curve [40].

2.6.4. Geeraerd shoulder–tail Model

Similar to the log-linear model, the Geeraerd model is based on first-order inactiva-
tion kinetics but includes additional parameters for shoulders and tailing. The model is
described as follows:

Nt = (N0 − Nres)· exp(−kmax·t) exp(−kmax·SL)
1 + exp((−kmax·SL)− 1) exp(−kmax·t) + Nres (4)

where Nt, N0 and t are as defined above, Nres is the UV resistant population, kmax is
the maximum specific inactivation rate (s−1) and SL is the parameter representing the
shoulder length (seconds). If log-linear kinetics with and without shoulder/tailing are
observed, SL or Nres can be equal to zero, resulting in reduced forms of the model, namely
log-linear + shoulder and log-linear + tail [41,42].

Data fitting was performed using the GInaFiT application version 1.7 [42] in Microsoft
Excel. Goodness of fit was determined using the root mean square error (RMSE) and the
adjusted coefficient of determination (R2

adj).

2.7. Statistical Analysis

All experiments were carried out using three biological replicates and data are ex-
pressed as the mean ± standard deviation (SD). CFU data were transformed to log10 prior
to analysis. Statistical analysis was performed using R Studio software. Data were analysed
using one-way analysis of variance (ANOVA) with post hoc comparison using Tukey’s
multiple comparisons test. Asterisks rating of *, ** or *** indicates statistically significant
differences between groups (p ≤ 0.05, p ≤ 0.005 or p ≤ 0.001, respectively).

3. Results

3.1. UV-LED Surface Inactivation of Microorganisms

Log reductions of each bacterial strain (log CFU) on a plastic surface following ex-
posure to UV, UVC-LED and UVA-LED sources at wavelengths of 254 nm, 270 nm and
365 nm, respectively, are shown in Figure 2. The results showed that the cell numbers of all
four strains were significantly reduced following 5 s exposure to the traditional 254 nm
mercury lamp (p < 0.05), with E. coli, B. subtilis and S. Typhimurium reduced below the
limit of detection (10 CFU) after 10 s exposure, and L. monocytogenes after 20 s exposure.
Similar to the mercury lamp, a 5 s exposure to the UVC-LED also resulted in a significant
decrease in cell numbers of all strains (p < 0.05). Reductions of 2.2 and 3.8 log10 CFU were
observed for L. monocytogenes and E. coli, respectively, while B. subtilis (Figure 2C) and S.
Typhimurium (Figure 2D) proved the most susceptible to UVC-LED inactivation, with cell
numbers reduced to below the detection limit, a reduction of over 4 log10 CFU for each
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strain. A 10 s UV-LED exposure was sufficient for complete inactivation of E. coli cells,
while L. monocytogenes again proved to be the most tolerant of the four strains, requiring a
longer exposure time of 20 s for inactivation. In most cases, treatment of the bacteria with
the UVC-LEDs resulted in significantly higher log reductions than those obtained following
treatment with the mercury lamp. The only exception to this was the 5 s treatment of L.
monocytogenes, whereby the cell numbers were reduced to similar levels (p > 0.05) following
exposure to both the mercury and the UVC-LED lamps (Figure 2A). Of the three lamps
tested, the 365 nm UVA-LED was the least effective for bacterial inactivation. Following
40 s exposure, reductions of approx. 1.07, 0.83 and 1.12 log10 CFU were observed for L.
monocytogenes, E. coli and S. Typhimurium, respectively, while the lamp had little to no
effect on B. subtilis, with ≤0.1 log10 reduction observed.

Figure 2. Mean log CFU values of (A) L. monocytogenes; (B) E. coli; (C) B. subtilis; (D) S. Typhimurium following exposure to
UV light at wavelengths of 254 nm (white bars) and UV-LED light at 270 nm (grey bars) and 365 nm (black bars) on a plastic
Petri dish surface. Error bars represent the standard deviation of replicate experiments. Absence of a bar indicates that
bacteria were reduced to below detection level (10 CFU). *** denotes p ≤ 0.001, ** denotes p ≤ 0.005, * denotes p ≤ 0.05 and
– denotes no statistical significance.

3.2. UVC-LED Inactivation of Microorganisms in Powdered Ingredients

The surface inactivation experiments demonstrated that the performance of the 270 nm
UVC-LED lamp was significantly superior to that of the 365 nm UVA-LED lamp, and
resulted in bacterial reductions which were comparable to, or in most cases, better than
those obtained using the mercury lamp. Therefore, only the UVC-LEDs were utilised in the
powdered ingredient inactivation experiments. The inactivation curves of the four bacteria
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in each of the four seasoning powders are shown in Figure 3. The results showed powder
type has an impact on bacterial inactivation. In particular, the cells were more susceptible to
UVC-LED light in the cheese and onion powder rather than the onion or garlic powders.
This is particularly evident in the case of L. monocytogenes, where a 20 s exposure time was
required to reduce recoverable cell numbers in onion powder and garlic powder to the
same levels obtained with a 10 s exposure in cheese and onion powder (Figure 3A). In chilli
powder, despite a significant reduction in cell numbers for all four strains following 40 s
treatment (between 0.75–1.3 log10 CFU/g), the overall levels of inactivation were lower than
those observed in the other three powders. The physiochemical properties of the powder
have been shown to influence UV inactivation efficacy in food matrices [11,33,43]. Therefore,
particle size and water activity were determined (Table 1); however, in our study, smaller
particle size and higher water activity were not associated with increased inactivation.

Figure 3. Inactivation curves of (A) L. monocytogenes; (B) E. coli; (C) B. subtilis; (D) S. Typhimurium following exposure to
UVC-LED light at 270 nm in garlic powder (� green triangle), onion powder (� red square), cheese and onion powder
(• yellow circle) and chilli powder (� blue diamond). Data are represented as the mean ± standard deviation of three
biological replicates.

3.3. Model Fitting

Mathematical models are used to quantify and compare the microbial inactivation
efficacy of different technologies. Matrix effects such as shadowing and the shallow pene-
tration of UV radiation means there is no consensus model for UV microbial inactivation
kinetics, so we tested the ability of a number of commonly applied mathematical mod-
els (log linear, biphasic, Weibull and Geeraerd shoulder–tail) to accurately describe the
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observed inactivation kinetics. The UVC-LED inactivation profiles (Figure 3) differed
depending on the powder and microbe, with some showing a shoulder phase, some a
tailing phase and some with both shoulders and tails. In both onion and garlic powders,
little or no decrease in cell numbers was observed within the first 5–10 s of treatment
(shoulder), followed by a significant reduction after 20 s of UVC-LED treatment (between
1.3–2.6 log10 CFU/g), and a final gradual decrease of approx. 0.5–1 log10 CFU/g (tail).
The data were fitted with the four different inactivation models and the goodness of fit of
each model was assessed using the R2

adj and RMSE values (Table 3). Unsurprisingly, the
log-linear model was a poor fit for the data in most of the conditions with the exception of
S. Typhimurium in chilli powder (R2

adj = 0.884, RMSE = 0.088).

Table 3. Goodness of fit parameters of the log-linear, biphasic, Weibull and Geeraerd shoulder–tail models for inactivation
of bacterial strains in garlic, onion, cheese and onion and chilli powders.

Powder Microorganism Inactivation Model

Log-Linear Biphasic Weibull
Geeraerd

Shoulder–Tail

R2
adj RMSE R2

adj RMSE R2
adj RMSE R2

adj RMSE

Garlic L. monocytogenes 0.902 0.357 0.928 0.305 0.906 0.349 0.947 1 0.261

E. coli 0.684 0.645 0.857 0.433 0.766 0.555 0.938 0.286
B. subtilis 0.959 0.205 - - 0.962 0.197 0.985 0.121

S. Typhimurium 0.629 0.627 0.880 0.357 0.701 0.563 0.982 0.137
Onion L. monocytogenes 0.720 0.533 0.756 0.497 0.701 0.550 0.986 0.121

E. coli 0.761 0.567 0.789 0.531 0.752 0.577 0.987 0.130
B. subtilis 0.738 0.487 0.908 0.289 0.812 0.413 0.956 0.200

S. Typhimurium 0.575 0.742 0.929 0.303 0.771 0.545 0.979 0.164
Cheese

and onion L. monocytogenes 0.514 0.787 0.975 0.180 0.868 0.410 - -

E. coli 0.834 0.514 0.929 0.336 0.937 0.316 - -
B. subtilis 0.789 0.413 0.942 0.217 0.935 0.229 - -

S. Typhimurium 0.788 0.510 0.967 0.202 0.968 0.199 - -
Chilli L. monocytogenes 0.368 0.413 0.576 0.339 0.616 0.322 - -

E. coli 0.876 0.160 0.879 0.158 0.874 0.161 - -
B. subtilis 0.746 0.199 0.851 0.152 0.787 0.182 0.827 0.164

S. Typhimurium 0.884 0.088 0.863 0.096 0.877 0.091 0.863 0.096
1 Values highlighted in bold represent the best fitting model for each bacteria in each powder.

The biphasic model assumes the presence of two populations in the matrix, a major
population which is more susceptible (kmax1) and a minor population which is more
resistant (kmax2). Therefore, curves which show a sharp initial decline followed by a
tailing phase are generally described well by the biphasic model and it was statistically
the best fit for L. monocytogenes (R2

adj = 0.975, RMSE = 0.180) and B. subtilis (R2
adj = 0.942,

RMSE = 0.217) in cheese and onion powder. In contrast, the behaviour of E. coli and S.
Typhimurium in this powder were best described using the Weibull model which has been
used in other studies to describe UV-C inactivation [43,44]. The Geeraerd-shoulder-tail
model, which describes inactivation curves incorporating both shoulder and tailing phases,
was the statistical best fit for all of the strain data in both garlic powder and onion powder.
Interestingly, while this model showed the best goodness-of-fit for the both the garlic
and onion powder data, the model could not be fitted to any of the data obtained in the
cheese & onion powder, or to the L. monocytogenes and E. coli data in chilli powder. The
correlation between experimentally observed bacterial log reductions and those predicted
by the best-fitting model for each of the four powders is illustrated in Figure 4 and suggests
that overall, the Geeraerd-shoulder-tail model was the most accurate.
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Figure 4. Correlation between experimentally observed log reductions and predicted log reductions of L. monocytogenes
(� green triangle), E. coli (� red square), B. subtilis (• yellow circle) and S. Typhimurium (� blue diamond) as predicted
by (A) the biphasic model, in cheese and onion powder; (B) the Geeraerd shoulder–tail model, in garlic powder; (C) the
Geeraerd-tail model, in onion powder and (D) the biphasic model, in chilli powder.

4. Discussion

The objective of this study was to investigate the use of UV-LED devices for inactiva-
tion of pathogenic microbes in powdered seasoning ingredients. Initially, the efficacy of
both UVC-LED (270 nm) and UVA-LED (365 nm) devices for bacterial inactivation was
investigated on a Petri dish surface, while a traditional mercury lamp was included for
comparison purposes. The results showed that the UVC-LED was at least as effective or
in some cases, more effective than the mercury lamp. Kim et al. (2016) reported similar
findings, observing significantly higher reductions of E. coli O157:H7 in microbiological
media with UV-LEDs emitting at 266 nm compared to a mercury lamp [24], while other
authors have found similar success with UV-LEDs at wavelengths of 260–285 nm [29,45–49].
This highlights the advantage of using UV-LEDs which can be designed to produce specific
wavelengths instead of mercury lamps which can only emit at a single wavelength of
254 nm and have a large environmental footprint.

Santos et al. (2014) investigated the effect of different wavelengths (UVA, UVB and
UVC) on the inactivation of nine different bacterial isolates in media, reporting that UVC
light was most effective for bacterial inactivation, with the highest survival rates observed
following UVA exposure [50]. Likewise, other researchers have made similar observa-
tions regarding the inefficacy of UVA light for bacterial inactivation compared to UVC
radiation [49,51]. Although some studies have reported significant bacterial reductions in
liquids and on food surfaces following UVA-LED treatment [32,35,36,52,53], long exposure
times (30–180 min) were required, highlighting the time impracticalities of UVA-LED
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inactivation. However, as the fluence emitted from the UVA-LED used in the current study
was significantly higher than that of the mercury lamp or the UVC-LED source, it was
included to investigate whether these increased energy levels would result in a significant
reduction in bacterial cell numbers within a short treatment period. Similar to the results
observed Hinds et al. (2019), the UVA-LED did not significantly reduce cell numbers of B.
subtilis [49]; however, significant reductions (approximately 1-log10 CFU) in cell numbers
of L. monocytogenes, E. coli and S. Typhimurium were obtained after 40 s treatment. Never-
theless, despite the increased energy doses, the performance of the UVA-LED source for
bacterial inactivation was inferior to that of the mercury lamp or the UVC-LED, findings
which are in agreement with the literature [49,50].

The Gram-positive pathogen L. monocytogenes appeared to be more difficult to eradi-
cate on the plastic surface by UVC-LED radiation, requiring 64 mJ/cm2 of UVC exposure
for complete inactivation, compared to the Gram-negative E. coli and S. Typhimurium
strains which required just 32 mJ/cm2 and 16 mJ/cm2, respectively. It has been reported
that Gram-positive microorganisms tend to be more UV-resistant, requiring higher UV
dosages than Gram-negative bacteria for inactivation. Gabriel et al. (2009) found that L.
monocytogenes was significantly more resistant to UV treatment than E. coli and S. Enteri-
tidis, with similar observations made by Shin et al. (2016) [47,54]. According to Gayán et al.
(2014), differences between the UV-resistance of species can be attributed to several factors
including cell wall thickness, cell size and DNA repair efficiency [55].

Bacterial strains were most and least susceptible to UVC-LED inactivation in cheese
and onion powder and chilli powder, respectively. Other studies have also shown the
efficacy of UV treatment to be dependent on the matrix [11,12,33,43,56], with differences
commonly attributed to the ingredient composition and the chemical and physical proper-
ties of the food. The particle size of the food sample is one such characteristic which can
impact UV-LED inactivation of microorganism. UV radiation penetration of powders is
difficult due to the shadowing effect of food particles, which protects the bacterial cells
from complete exposure, while bacterial cells can also protect each other from UV light [55],
a phenomenon which has been observed in several studies [17,19–21]. As the particle sizes
of the powders used in this study are generally larger than the typical cell size of each of
the target microorganisms it is plausible that the crevices and cavities on the surface of
the powders shielded a subpopulation of the microbial cells from the UVC light. Further-
more, the chilli powder used in the present study contained large spice particles which
measured approx. 12-fold, 2.3-fold and 2-fold larger than the garlic, onion and cheese
and onion particles, respectively; thus, it is likely that those particles physically shielded
both the finer spice particles and the bacterial cells from the UVC-LED light, resulting in
the lowest bacterial inactivation rates of all powders tested. Condón-Abanto et al. (2016)
addressed the problem of shielding in flour by using sample sizes of 1 g and 0.1 g, resulting
in reductions of approx. 2-log10 and 2.5-log10 CFU/g after 60 s treatment, respectively,
most likely due to the reduction in the number of particles capable of producing a shadow
effect [17]. Ha and Kang (2013, 2014) used a rotational mixer during UV radiation of E. coli
and S. Typhimurium in red pepper powder [19] and C. sakazakii in PIF [20] with the aim of
increasing the contact surface area of the UV light on the particles; however, the reduction
in cell numbers obtained was more than 50 times less than those observed by Condón-
Abanto et al. (2016) and in the current study, probably due to the large sample size of 250 g.
In our study, we did not observe any significant differences in the log reductions obtained
in samples which were stirred at intervals during UV-LED treatment (data not shown).

The fitting of inactivation models to the data confirmed that the bacteria did not
show linear behaviour during inactivation, with both shoulders and/or tails observed in
most curves and the Geeraerd shoulder–tail model being the most accurate of the models
assessed. A number of studies have observed inactivation curves with shoulders following
UV treatment of microbes in culture media [17,57,58] and liquid foods such as fruit and
vegetable juices [43,59–61] However, as each study differs in the choice of UV device and
treatment protocol, it is possible that the presence/absence of a shoulder may be dependent
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on the UV-LED dosage. For example, some studies report bacterial log reductions following
a single UV treatment [16,22,56] while Liu et al. (2012) and Arroyo et al. (2017) did not
observe shoulders following the inactivation of C. sakazakii in PIF; however, higher initial
doses were used [15,21]. Similarly, Condón-Abanto et al. (2016) reported inactivation levels
of >1.5 log10 CFU/g of S. Typhimurium in flour during the first 60 s of UVC treatment [17].
Thus, it is possible that the absence of a shoulder in these studies may be due to the high
initial UV dosage, leading to significant reductions in cell numbers during the early stages
of the inactivation treatment. The tailing phenomenon observed in the inactivation curves
can be attributed to resistant subpopulations but it is more likely due to subpopulations
that are inaccessible or do not receive the same lethal dose [44] This is due to the previously
described shadowing effect of the powder particles preventing complete UV penetration
and, subsequently, the survival of a small population of cells. A similar scenario was
observed by Gabriel et al. (2020), whereby total log reductions of E. coli and S. aureus on
dried black peppercorns ranged from 1.92–3.60 log10 CFU/g after 90 min of UVC treatment,
with the majority of inactivation occurring within the first 20 min (0–500 mJ/cm2) [62].

As with any food processing treatment, UV radiation can negatively impact the nutri-
tional and organoleptic characteristics of food products. In particular, components which
are capable of absorbing UV light, such as vitamin A, vitamin C, riboflavin and food
colourings, are the most affected by photochemical reactions [63,64]. UV treatment has also
been shown to induce increased lipid oxidation in foods [65,66]. However, few published
studies are available which investigate effect of UV-LEDs on food quality characteristics,
with most of the research focusing on microbial inactivation. Subedi et al. (2020) observed
changes in the gluten structure and oxidation of gluten proteins and in wheat flour fol-
lowing UV-LED treatment at wavelengths ranging from 275–455 nm, with similar results
reported by Du et al. (2020) [35,36]. Both Akgün and Unluturk (2017) and Ghate et al. (2016)
noted colour changes in fruit juice following UV-LED treatment [29,67], while in contrast,
Kim et al. (2017) reported no adverse effects on the nutritional or chemical properties of
fresh-cut papaya or mango following UVA-LED exposure [68,69]. As the focus of this study
was to investigate the efficacy of UV-LEDs for the microbial decontamination of powders,
the impact of the treatment on the powders was not investigated and in general, studies in
the literature describing the effect of UV-LED exposure on the nutritional and organoleptic
properties of foods are scarce. Thus, it is evident that further work is required to address
this area of UV-LED research.

5. Conclusions

In conclusion, we have demonstrated the potential of UVC-LEDs as an alternative
to traditional UV lamps for bacterial inactivation. UVC-LED emission at 270 nm was just
as effective or in some cases more effective than the 254 nm mercury lamp for surface
decontamination of four bacterial strains. There are limited data available regarding the
use of UV-LEDs and powdered foods and although previous studies have investigated the
efficacy of UV-LEDs for inactivation of Salmonella spp. in wheat flour, to our knowledge
the current study is the first to report the effect of UV-LEDs on four different bacteria in
a range of different powdered ingredients. The results showed that bacterial numbers in
each of the four powders were reduced significantly in just 40 s, highlighting the power
and efficacy of UV-LEDs lamps in comparison to their mercury counterparts.
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