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Abstract: Nowadays, one of the main objectives of the fruit and vegetable industry is to develop
innovative novel products with high quality, safety, and optimal nutritional characteristics in order to
respond with efficiency to the increasing consumer expectations. Various emerging, unconventional
technologies (e.g., pulsed electric field, pulsed light, ultrasound, high pressure, and microwave
drying) enable the processing of fruits and vegetables, increasing their stability while preserving their
thermolabile nutrients, flavour, texture, and overall quality. Some of these technologies can also be
used for waste and by-product valorisation. The application of fast noninvasive methods for process
control is of great importance for the fruit and vegetable industry. The following Special Issue “Safety,
Quality, and Processing of Fruits and Vegetables” consists of 11 papers, which provide a high-value
contribution to the existing knowledge on safety aspects, quality evaluation, and emerging processing
technologies for fruits and vegetables.

Keywords: fruit; vegetable; safety; quality; emerging technologies; unconventional processing

In the last few years, consumers have become more exigent and demand high-quality and
convenient food products with natural flavours and taste, free from additives and preservatives [1].
Therefore, the challenge for the fruit and vegetable industry is to develop such products, taking
into account quality and safety aspects along with consumer acceptance. Emerging, unconventional
processing of fruit and vegetables is more and more studied in order to develop products rich in
bioactive compounds, paying attention at the same time to waste and by-product valorisation [2–4].
This Special Issue “Safety, Quality, and Processing of Fruits and Vegetables” gives an overview of the
application of emerging, unconventional technologies to obtain high-quality fruit juice, semi-dried and
dried products, waste valorisation, and process control. It also provides some insights into principles
and fundamentals of nonthermal technologies.

The importance of the quality standards for potatoes intended for the processing industry is
explained by Wayumba et al. [5]. This study was designed with the purpose of identifying specialized
potato clones with acceptable qualities for processing chips, as compared to two selected control
varieties, Dubaek and Superior. From this study, the authors concluded that for quality processing of
potato chips, clones with combined traits of high dry matter, low levels of glycoalkaloids and reducing
sugars, should be used as raw materials along with the acceptable chip colour [5]. Starch is the major
component in potato, that contributes to its nutritional and technological quality. Different food
processing techniques including boiling, cooling, reheating, conventional frying, and air frying have

Foods 2019, 8, 569; doi:10.3390/foods8110569 www.mdpi.com/journal/foods1
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been shown to change the digestibility of starch. In the paper by Abduh et al. [6], the effect of emerging
processing using pulsed electric field (PEF)—usually used for structure modification in fruit and
vegetables—on the properties of starch in potatoes was investigated, showing that PEF did not change
the properties of starch within the potatoes, but it narrowed the temperature range of gelatinisation
and reduced the digestibility of starch collected from the processing medium. Therefore, this study
confirms that, when used as a processing aid for potato, PEF does not result in detrimental effects on
the properties of potato starch [6]. PEF has been shown to be effective in the extraction of bioactive
compounds (mainly betalains) from beetroot, increasing the extraction yield [7]. The greatest increase
in the content of betalain compounds in the red beet extract was noted when an electric field at
4.38 kV/cm was applied [7]. The increase in the extraction rate of polyphenols from olive leaves was
also observed by using high-voltage electrical discharges (HVED) as a green technology [8]. HVED
parameters included different green solvents (water, ethanol), treatment times (3 and 9 min), gases
(nitrogen, argon), and voltages (15, 20, 25 kV). The highest yield of phenolic compounds was obtained
for the sample treated with argon/9 min/20 kV/50% (3.2 times higher as compared to conventional
extraction (CE)). In general, HVED presents an excellent potential for phenolic compound extraction
for further application in functional food manufacturing [8].

Valorisation of waste and by-products is the topic of the paper by Løvdal et al. [9]. It provides an
overview of tomato production in Europe and the strategies employed for processing and valorisation
of tomato side streams and waste fractions. Special emphasis was put on the four tomato-producing
countries Norway, Belgium, Poland, and Turkey. These countries are very different with regard to
their climatic preconditions for tomato production and volumes produced and represent the extremes
among European tomato producing countries.

Osmotic dehydration and drying of berries were the objective of papers by Nowacka et al. [10]
and Stamenković et al. [11]. In the paper by Nowacka et al. [10], osmotic dehydration of cranberries
was combined with blanching, ultrasound, and vacuum application. Unconventional pretreatment of
cranberries caused a significant increase of osmotic dehydration effectiveness. Cranberries subjected to
combined treatment, in particular to ultrasounds, had comparable or higher polyphenolic, anthocyanin,
and flavonoid content than a blanched tissue subjected to osmotic dehydration alone. Taking into
account the evaluated physical and chemical properties of dehydrated cranberries and the osmotic
dehydration process, it has been concluded that the best combined pretreatment method was a 20 min
sonication followed by a 10 min lowered pressure treatment. In the paper by Stamenković et al. [11],
the effectiveness of convective drying of Polana raspberries was compared to freeze-drying, which
allows producers to obtain products of high quality but also with high cost. The authors concluded
that convective drying of Polana raspberry with air temperature of 60 ◦C and air velocity of 1.5 m·s−1,
may be considered as a sufficient alternative to freeze-drying [11].

Another emerging nonthermal technology studied on fruits and vegetables is high-pressure
processing, with the aim of better preserving nutritional and organoleptic properties. In fact, the results
presented in the paper by Paciulli et al. [12] revealed the mild impact of high-pressure treatments on the
organoleptic properties of blueberries along with better texture and colour maintenance. The effects of
ultra-high pressure (UHP) and thermo-sonication (TS) were also tested on quality of mango juice [13].
Both treatments had minimal effects on the total soluble solids, pH, and titratable acidity of mango juice.
The residual activities of three enzymes (polyphenol oxidase, peroxidase, and pectin methylesterase),
antioxidant compounds (vitamin C, total phenolics, mangiferin derivatives, gallotannins, and quercetin
derivatives) and antioxidant activity sharply decreased with the increase in the temperature of the TS
treatment. Nevertheless, the UHP treatment retained antioxidants and antioxidant activity at a high
level. The UHP process is apparently superior to TS in bioactive compound and antioxidant activity
preservation. Therefore, the mango juice products obtained by ultra-high-pressure processing might
be more beneficial to health [13].

In the paper by Wiktor et al. [14], instead, the effect of pulsed light treatment with different
fluence was studied on a gallic acid aqueous solution—as a model system of phenolic abundant
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liquid food matrices. It was demonstrated that pulsed light can modify the optical properties of
gallic acid and cause reactions and degradation of gallic acid. However, application of pulsed light
did not significantly alter the overall quality of the model gallic acid solution at low fluence levels.
Cluster analysis revealed that below 3.82 J/cm2, changes in gallic acid were minimal, and this fluence
level could be used as the critical level for food process design aiming to minimize nutrient loss.

Finally, Tomas-Egea et al. [15] studied the importance of process control in the industry, which
requires fast, safe, and easily applicable methods. In this sense, the use of dielectric spectroscopy in the
microwave range can be a great opportunity to monitor processes in which the mobility and quantity
of water is the main property to produce a high-quality and safe product, such as candying of fruits.
They demonstrated that the use of dielectric properties in γ-dispersion at relaxation frequency allowed
us not only to monitor the osmotic drying and hot-air-drying processes of the apple candying, but also
to predict the supersaturation state of the liquid phase until vitrification.

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

References

1. Tylewicz, U.; Tappi, S.; Mannozzi, C.; Romani, S.; Dellarosa, N.; Laghi, L.; Ragni, L.; Rocculi, P.; Dalla Rosa, M.
Effect of pulsed electric field (PEF) pre-treatment coupled with osmotic dehydration on physico-chemical
characteristics of organic strawberries. J. Food Eng. 2017, 213, 2–9. [CrossRef]

2. Barba, F.J.; Parniakov, O.; Pereira, S.A.; Wiktor, A.; Grimi, N.; Boussetta, N.; Saraiva, J.; Raso, J.;
Martin-Belloso, O.; Witrowa-Rajchert, D.; et al. Current applications and new opportunities for the
use of pulsed electric fields in food science and industry. Food Res. Int. 2015, 77, 773–798. [CrossRef]

3. Deng, L.-Z.; Mujumdar, A.S.; Zhang, Q.; Yang, X.-H.; Wang, J.; Zheng, Z.-A.; Gao, Z.-J.; Xiao, H.-W. Chemical
and physical pretreatments of fruits and vegetables: Effects on drying characteristics and quality attributes–a
comprehensive review. Crit. Rev. Food Sci. 2019, 59, 1408–1432. [CrossRef] [PubMed]

4. Putnik, P.; Lorenzo, J.M.; Barba, F.J.; Roohinejad, S.; Režek Jambrak, A.; Granato, D.; Montesano, D.;
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Pulsed Light treatment below a Critical Fluence
(3.82 J/cm2) minimizes photo-degradation and
browning of a model Phenolic (Gallic Acid) Solution

Artur Wiktor 1,2, Ronit Mandal 1, Anika Singh 1 and Anubhav Pratap Singh 1,*

1 Food, Nutrition and Health, University of British Columbia, 2205, East Mall, Vancouver, BC V6T 1Z4, Canada
2 Faculty of Food Sciences, Department of Food Engineering and Process Management, Warsaw University of

Life Sciences (WULS-SGGW), Nowoursynowska 159c, 02-776 Warsaw, Poland
* Correspondence: anubhav.singh@ubc.ca; Tel.: +1-604-822-5944

Received: 7 July 2019; Accepted: 30 August 2019; Published: 1 September 2019

Abstract: Pulsed light (PL) is one of the most promising non-thermal technologies used in food
preservation and processing. Its application results in reduction of microbial load as well as influences
the quality of food. The data about the impact of PL on bioactive compounds is ambiguous, therefore
the aim of this study was to analyze the effect of PL treatment of a gallic acid aqueous solution—as a
model system of phenolic abundant liquid food matrices. The effect of PL treatment was evaluated
based on colour, phenolic content concentration and antioxidant activity measured by DPPH assay
using a design of experiments approach. The PL fluence (which is the cumulative energy input) was
varied by varying the pulse frequency and time. Using Response Surface Methodology, prediction
models were developed for the effect of fluence on gallic acid properties. It was demonstrated that PL
can modify the optical properties of gallic acid and cause reactions and degradation of gallic acid.
However, application of PL did not significantly alter the overall quality of the model gallic acid
solution at low fluence levels. Cluster analysis revealed that below 3.82 J/cm2, changes in gallic acid
were minimal, and this fluence level could be used as the critical level for food process design aiming
to minimize nutrient loss.

Keywords: pulsed light; fluence; gallic acid; non-thermal treatment

1. Introduction

For a long time, the food industry has been using thermal methods like pasteurization, sterilization,
etc. for preservation of foods and extension of their shelf life. However, thermal processing operations
have drawbacks associated with them. For instance, due to the high processing temperature, the
nutrients may be destroyed. Also, the sensory characteristics may be affected [1]. Modern day
consumers are more aware than ever before. They continuously demand food which is safe, of good
eating quality and nutritionally sound. This has led the food processing scientists to seek and research
food processing methods which can make the food safe, while keeping the nutritional properties intact.

Pulsed light (PL) technology has now been widely explored as a novel non-thermal food
preservation method that uses a form of energy other than heat for achieving food preservation. PL uses
high-intensity short duration white light (wavelength of 200–1100 nm) for microbial inactivation [2].
The electrical energy is stored in capacitors and discharged in short bursts or pulses of high intensity.
The ultra-violet (UV) fraction of the spectrum is associated with microbial inactivation as well as other
chemical changes in food products.

A multitude of phenolic compounds like ellagic acid, ferulic acid, gallic acid, etc. are synthesized
by plants’ fruits, vegetables, as part of their secondary metabolism. In the early 1960s these phenolic
compounds were considered as by-products of the plant metabolism, which were present in the

Foods 2019, 8, 380; doi:10.3390/foods8090380 www.mdpi.com/journal/foods5
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vacuoles of cells. These compounds act as complex constituents of pigments, antioxidants, flavoring
agents, in plants and plant-based foods. Thus, they form a major part of our diet. Apart from that,
they are also bioactive compounds that are anti-inflammatory, anticarcinogenic, can decrease blood
sugar levels, reduce body weight and ageing [3].

The light sensitivity of phenolics is a topic of utmost importance for studying the processing of
foods using light. The photoinduced degradation of gallic acid (a model system representing plant
phenolics) was reported earlier in [4,5]. Benitez et al. [5] demonstrated that gallic acid subjected to
UV radiation degrades following first-order kinetics reaction. Thus, UV radiation could be used
in the wastewater treatment process after cork production. However, the authors pointed out that
UV- provoked photolysis of gallic acid was a rather slow process—after 90 min of radiation the
concentration of gallic acid decreased from 50 to 10–40 ppm, depending on pH. Also, the progress of
the process may be different depending on the wavelength spectrum of the light used. A photoinduced
decrease in total phenolic content was also observed for real food systems, i.e., pineapple juice
subjected to UV-C treatment with a dose 10.76 mJ/cm2 [6] or pumelo juice treated with a UV-C dose
of 15.45–27.63 mJ/cm2 [7]. It should be emphasized therefore that the data about the impact of UV
light treatment of food on its bioactive compounds is ambiguous. There are articles which report no
significant changes of phenolics after exposure of juices or solid food matrices to UV light or PL [8–10].
Similar statements can be made regarding the antioxidant activity. Thus, the data concerning the
impact of PL on model systems becomes even more important to understand the basic mechanisms of
effects and in designing proper PL processing systems for foods rich in phenolics.

PL technology is still in its infancy and therefore there are a limited number of studies that have
been carried out on the effect of PL on nutrient attributes, while most available studies focus on
the microbiological safety aspect of PL [11]. It is a matter of immense importance that this novel
process ensures food safety while retaining the bioactive compounds in food and keeping the sensory
properties intact. To the best of our knowledge, there is no literature available on the effect of PL
on model polyphenolic solutions like gallic acid. Also, the literature on the effect of PL on liquid
foods is scarce. In accordance, the aim of this study was to evaluate the effect of PL processing on the
physicochemical properties of a model gallic acid solution using an experimental setup designed for
thin-profile treatment of liquid foods.

2. Materials and Methods

2.1. Material

Gallic Acid (3,4,5-trihydroxybenzoic acid; Sigma Aldrich Co., Oakville, ON, Canada) was used to
prepare a model solution with a concentration of 0.5 mg/mL. Methanol (≥99.8%) and Folin-Ciocalteu
reagents were purchased from Merck KGaA (Darmstadt, Germany). Ethanol, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical and Na2CO3 were purchased from Alfa Aesar, Thermo Fisher Scientific Chemicals,
Inc. (Ward Hill, MA, USA). (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (TroloxTM)
was purchased from Sigma-Aldrich Co. (Oakville, ON, Canada).

2.2. Pulsed Light Equipment

The experiments were carried out in a bench-top pulsed light equipment designed at the Faculty
of Land and Food Systems, University of British Columbia in collaboration with Solaris Disinfection
Inc. (Mississauga, ON, Canada). The equipment consisted of two parts: (1) a cylindrical annular
chamber built of quartz glass for thin profile liquid treatment. The chamber has an inlet and an outlet
for flowing liquid in and out of the chamber; (2) a xenon flashlamp placed at the axial center of the
cylindrical chamber that emits light pulses for liquid treatment. The annular volume of the treatment
chamber was 75 mL and its average distance from the lamp axis was 2 cm. The liquid thickness in the
chamber was around 1 mm. Pulsed light lamps emitted 30 J of light energy per pulse (comprising
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wavelengths ranging from far UV to near IR in the electromagnetic spectrum) on a chamber area
(impact surface) of 675 cm2. A schematic diagram of the equipment is given in Figure 1.

 

Figure 1. PL processing chamber. The chamber has an annular design inside which the liquid is housed
and treated by PL lamps placed at the axis of chamber. Suitable for batch or continuous processing.

2.3. Design of Experiment

Table 1 shows the plan of the experiments. The response surface methodology approach was
used for the experimental design to evaluate the effect of pulsed light treatment parameters on the
physicochemical properties of gallic acid solutions. The central composite rotatable design (CCRD)
used (α = k1/2 with two numeric factors k = 2 − frequency of pulses and treatment time) was prepared
utilizing Statistica 13 Design (Statsoft Inc., Tulsa, OK, USA). It was composed of 10 experimental trials
with two separate replicates in the central point (run 9 (C) and 10 (C)). Frequency varied from 1 to 10
Hz whereas time ranged from 5 to 50 s.

Energy input (in terms of fluence) depended on the parameters pulse frequency and treatment
time and it was equal to 1.07–17.2 J/cm2, since the device applied 30 J with one single pulse regardless of
the frequency. The boundary conditions of treatment were selected based on literature data considering
the energy necessary to inactivate microorganisms [11,12]. Each run was performed in two separate
replicates, which means that central point was repeated four times in total. The responses described in
subsequent sections were evaluated for these treatments and also for the untreated sample.

Table 1. The set-up of the performed experiment with fluence during PL treatment.

Run *
Factor A Factor B

Fluence (J/cm2)
Coded Value Frequency (Hz) Coded Value Time (s)

1 −1 2 −1 12 1.1
2 −1 2 1 43 3.8
3 1 9 −1 12 4.8
4 1 9 1 43 17.2
5 −1.41 1 0 28 1.2
6 1.41 10 0 28 12.4
7 0 5 −1.41 5 1.1
8 0 5 1.41 50 11.1

9 (C) 0 5 0 28 6.2
10 (C) 0 5 0 28 6.2

* Where (C) is the center point of the design. Additionally, untreated samples were also evaluated for the
same responses.

2.4. Temperature Increment Measurement

The emitted light energy was absorbed by the solution as heat. The amount of heat absorbed
was calculated for each run. The temperature changes for the gallic acid solution were recorded
immediately after each treatment. A temperature measuring RTD (ThermoProbe Inc., Jackson, MS,
USA) was used to measure the temperature. The initial solution temperature was recorded to be
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21.2 ◦C. The measurements were duplicated for each observation and the temperature change % and
heat gain [13] were calculated using Equations (1) and (2):

Temp. increase % = (Tf − Ti)/Ti × 100 (1)

Heat gain (J/cm2) = [4.19 × (Tf − Ti) × V × �]/A (2)

where, Tf, Ti are final and initial temperature (◦C); V = chamber volume (m3); � = liquid density
(kg/m3), A = area [cm2]. The constant 4.19 (kJ/kg-K) is taken as the specific heat of the gallic acid
solution which is assumed equal to that of water [13].

2.5. Colour

The colour of the treated and untreated samples was measured using a colorimeter (HunterLab,
model LabScanTM XE Plus, Hunter Associates Laboratory, Reston, VA, USA). Colour was expressed
in CIE L* (whiteness or brightness), a* (redness/greenness) and b* (yellowness/blueness) coordinates.
Two replicate measurements were performed, and results were averaged. The total colour difference
(ΔE) and browning index (BI) were calculated [14] using the following Equations (3) and (4):

ΔE = ((L − Lo)2 + (a − ao)2 + (b − bo)2)1/2 (3)

BI = 100 × (x − 0.31)/0.172 (4)

where:
x = (a* + 1.75 × L*)/(5.645 × L* + a* − 3.012 × b*) (5)

In Equation (3), the Lo, ao and bo are the colour values for untreated samples, and the constants in
Equations (4) and (5) were taken from the literature [14].

2.6. Total Phenolic Content, Gallic Acid Content and Antioxidant Activity Determination

Total phenolic content (TPC) were estimated using the Folin–Ciocalteau’s (FC) method with
modifications [15]. Briefly, an aliquot (5 mL) of the gallic acid solution was transferred to a glass tube;
reactive 10−1 diluted FC reagent (20 mL) is added after 5 min; sodium carbonate (Na2CO3, 5 mL,
7.5% w/v) was added and the mixture shaken. After 30 min of incubation at ambient temperature
in the dark, 200 μL samples were placed in 96-well plates. Finally, the absorbances were measured
in a spectrophotometer (Infinite Pro M200 series, TecanTM, Männedorf, Switzerland) at 765 nm and
compared to a gallic acid calibration curve for TPC (prepared using 0 to 1 mg/mL concentration gallic
acid solution). Results were expressed as mg gallic acid equivalent (GAE)/100 mL. All measurements
were done in duplicate.

Gallic acid content (GAC) was determined using HPLC (Agilent 1100 system, Agilent Technologies,
Santa Clara, CA, USA) equipped with a Zorbax SB-C18 column according to the methodology presented
in [16]. This was carried out to measure the changes in gallic acid concentration due to photodegradation.
Results were expressed as mg GAC/100 mL solution.

To determine the antioxidant activity (AA) of gallic acid solutions, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging assay was used. A standard curve was constructed using TroloxTM

(20 μM) solution. For sample wells, gallic acid (20 μL) was added. In both standard and sample wells
of a 96-well microtiter plate, 1 mM DPPH (20 μL) was added. The blank well consisted of HPLC grade
methanol (200 μL). The plate was incubated for 10 min at room temperature in the dark. Then the plate
absorbances were read at 519 nm by a microtiter plate reader (TecanTM Infinite M200 Pro). All reagents
were dissolved in HPLC grade methanol. Antioxidant capacity reported in mM TroloxTM equivalents
(TE) per mL of solution.
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2.7. Statistical Analysis

All the data were expressed as mean ± SD after carrying out technical and biological replicate
experiments. Tukey’s test was used to test for differences at a significance level of p ≤ 0.05 where
appropriate. The Pearson’s correlation analysis was employed to assess the relationship between
selected parameters and variables. The comprehensive statistical analyses of all obtained results were
performed by Hierarchical Cluster Analysis using Ward method. The significance of the impact of
pulsed light treatment parameters was evaluated using response surface methodology (RSM) approach.
All statistical analyses were performed using Statsoft Inc’s Statistica 13 software (Tulsa, OK, Canada).

3. Results

3.1. Impact of PL on the Temperature Increment of Gallic Acid Solutions

This test was carried out to quantify the energy imparted to gallic acid solutions by PL application.
The heat energy absorbed by gallic acid solution and thereby temperature increment due to volumetric
heating showed a proportionality with the fluence delivered. There was a strong and significant
positive correlation between the temperature increment % and fluence of PL treatment as shown in
Figure 2 (r = 0.974; p < 0.05). The temperature increment was the lowest (10.6%) in case of fluence level
of 1.07 J/cm2. Similarly, the increment was highest (65.3%) in case of highest fluence level of 17.2 J/cm2.
The heat absorbed by gallic acid solution after PL application varied from 0.884 to 5.44 J/cm2.
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Figure 2. The impact of PL on temperature increment of gallic acid aqueous solution.

The temperature increment during PL treatment can be attributed to energy absorption by samples
by virtue of the photothermal effect, which shows an increase in temperature by light absorption.
Whenever light interacts with a sample, it decays exponentially as per the Beer-Lamberts law and thus
get converted into heat energy in the sample [2]. Similar observations have been made by researchers
doing experiments with milk [17], fruit juices [18].

3.2. Colour Measurement of PL Treated Gallic Acid Solution

The L* and b* colour parameters of all PL treated gallic acid solutions were significantly different
(p < 0.05) from that of untreated sample (Figure 3). In the case of the a* coordinate the vast majority of
the PL-treated samples exhibited significantly different values. Only the sample treated by 1.070 J/cm2

did not differ from the control. More specifically, the L* parameter was equal to 93.49–95.78 and 96.96 in
the case of PL treated and untreated solution, respectively. In the case of the a* colour parameter, which
represents the share of red and green colour, the changes were smaller. For instance, the untreated
gallic acid solution was characterized by a* = 1000 whereas PL application resulted in increment of this
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coordinate to 1.84 and 1.80 in the case of fluence 11.10 and 17.20 J/cm2, respectively. The difference
between these samples expressed by changes of red/green share was statistically irrelevant (p > 0.05).
As aforementioned, the b* component of colour of gallic acid solution was significantly affected by
PL application. The highest fluence (17.20 J/cm2) resulted in the biggest change of blue/yellow colour
share −7.62. For comparison, the b* of untreated gallic acid solution was equal to 0.54.
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Figure 3. The impact of pulsed light on L*, a* and b* colour parameters of gallic acid aqueous solution.

The Pearson’s correlation analysis proved that the relation between a* and fluence had significant
and positive character with r = 0.820 (p < 0.05). In turn, the Pearson’s correlation coefficient
established for the relation between b* and fluence was even bigger—r = 0.950 (p < 0.05). To the
contrary, no significant linear dependency was found between fluence and L* (r = −0.456; p > 0.05).
The changes of optical parameters clearly demonstrate that PL provoked browning of gallic acid
solution. The total colour difference (ΔE) and browning index (BI) depended strongly on fluence as
presented in Figure 4. The Pearson’s correlation coefficient for the relationship with fluence was equal
to r = 0.967 and r = 0.902, for ΔE and BI, respectively. These changes of colour may be attributed to the
photodegradation of gallic acid by the UV light component of PL [19]. The possible mechanism that
could be involved in browning may be related to the production of reactive oxygen species (ROS) due
to the presence of oxygen in the gallic acid solutions. ROS may oxidize gallic acid and form quinones
or semiquinones [20]. These products may undergo further different reactions, i.e., polymerization,
and form brown pigments [21]. The temperature increment may also play a role in browning of gallic
acid solution, since the correlation between colour changes expressed by BI and ΔE was significant
(p < 0.05) and positive (r = 0.926 and r = 0.953, respectively).
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Figure 4. The impact of pulsed light on total colour difference (ΔE) and browning index (BI) of gallic
acid aqueous solution.
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3.3. Impact of PL on Total Polyphenol Content and Antioxidant Activity Expressed by DPPH Assay

Table 2 presents the gallic acid content (GAC), total phenolics content (TPC) and antioxidant
activity of all investigated gallic acid solution samples. Almost all samples treated by PL exhibited
smaller concentrations of gallic acid as measured by the HPLC method. However, the difference was
significant only for samples that were treated by 3.82 J/cm2. In this case the concentration of gallic
acid was equal to 43.15 mg/100 mL, which means that it was 13.7% lower in comparison to untreated
solution. Interestingly, the delivery of higher fluence did not necessarily cause higher degradation
of gallic acid as measured by the HPLC method against TPC. It could indicate that there exist some
optimal parameters for gallic acid decomposition by light.

Table 2. Total phenolics content (TPC) and antioxidant activity measured by DPPH assay due to
PL treatment.

Run Fluence (J/cm2) TPC (mg GAE/100 mL) * GAC (mg /100 mL) * Antioxidant Activity (mM TEAC/mL) *

Untreated 0.0 50.6 ± 1.07 a 50.00 ± 0.58 ab 10.29 ± 0.88 a

1 1.07 47.23 ± 0.33 b 50.64 ± 2.32 b 9.55 ± 1.01 ac

2 3.82 46.63 ± 0.57 b 43.15 ± 0.78 c 9.4 ± 0.5 abc

3 4.80 45.99 ± 1.19 b 49.67 ± 0.88 ab 9.26 ± 0.01 bc

4 17.20 41.27 ± 0.37 c 46.65 ± 0.74 ac 8.22 ± 0.76 b

5 1.24 46.8 ± 1.32 b 48.02 ± 0.87 ab 9.29 ± 0.17 abc

6 12.44 44.82 ± 0.37 b 47.90 ± 0.85 ab 9.31 ± 0.22 abc

7 1.11 45.77 ± 0.97 b 49.83 ± 0.86 ab 9.75 ± 0.35 a

8 11.11 45.61 ± 1.11 b 47.44 ± 0.86 ab 9.27 ± 0.92 bc

9 (C) 6.22 45.99 ± 0.59 b 48.02 ± 0.85 ab 9.96 ± 0.21 a

10 (C) 6.22 46.47 ± 0.56 b 47.89 ± 0.86 ab 9.92 ± 0.09 a

* Values expressed as mean ± SD followed by letters a–c wherein, means followed by same letter are not significantly
different (p > 0.05).

These results are very interesting especially when compared to TPC results since they indicate
that even if the gallic acid content was not changed, the TPC was altered. The TPC of control sample
was 50.6 mg GAE/100 mL. All samples subjected to PL treatment were characterized by significantly
(p < 0.05) smaller TPC which ranged between 41.27 and 47.23 mg GAE/100 mL. The biggest decline of
TPC, equal to 18.4% in comparison to the reference sample, was found for the trial with the highest
delivered fluence (17.2 J/cm2).

The smallest applied fluence (1.07 J/cm2) also contributed to a significant decrease of TPC by
6.6% when compared to the control solution. It means that the reactions gallic acid can undergo
are very photosensitive. Even though there was no degradation of gallic acid under this condition
some compounds that could react with FC reagent were formed. However, within the fluence range
of 1.07–12.44 J/cm2 the TPC remained the same from statistical point of view. It means that despite
high photosensitivity of gallic acid, there is a wide spectrum of fluence that cause similar degradation
level. Such information is extremely important when designing PL-based technology of processing
phenolic-abundant products. It is worth emphasizing that the degradation of gallic acid maintained a
negative linear relation with fluence. The Pearson’s correlation coefficient for this dependency was
r = −0.856 (p < 0.05). What’s more, the relationship between TPC and b*, ΔE and BI was significant
as well (p < 0.05) and correlation coefficients were equal to −0.771; −0.851 and −0.654, respectively.
Indeed, it indicates that products of degradation of gallic acid contribute directly to browning of
the investigated solution [4]. The photoinduced decomposition of gallic acid was also reported by
Benitez et al. [5].

Further, it must be mentioned that we observed the measured TPC was slightly lower than the
measured gallic acid content for all samples. Ideally, as the model gallic acid solution did not had
any other component, the TPC should be equal to the gallic acid content. It has been previously
reported [22] that radiation by UV, which is also a constituent of pulsed light, may create reactive
oxygen species by photooxidation of oxygen which is dissolved in water. These intermediates can
form other reactive molecules like hydroxyl radicals and hydrogen peroxide, which included with the
products of photodecomposition of gallic acid, have been reported to interfere with the Folin–Ciocalteu
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reagent. For instance, hydrogen peroxide can lead to lower TPC values if present in the system together
with gallic acid, as found by Rangel et al. [23].

In the current study, almost all samples exhibited antioxidant activity similar to control solution.
The decrease of free radical scavenging activity was found only for sample treated by the highest
fluence – 17.2 J/cm2. Comparing these results with gallic acid concentration it can be stated that
within the fluence range of 1.07 to 12.4 J/cm2 the products of gallic acid oxidation exhibited some
antioxidant potential. Similar results were reported by Oms-Oliu et al. [24] for mushrooms subjected
to PL. The authors have found that depending on the fluence the antioxidant activity can be decreased
or increased which is related with decomposition of phenolics and polymerization reaction of the
quinones. Also, Llano et al. [25] reported that application of PL with fluence 8–16 J/cm2 helps to
maintain the antioxidant activity of fresh-cut apples.

3.4. Response Surface Methodology (RSM) and Cluster Analysis

RSM analysis was applied to estimate the values of investigated variables of gallic acid solution
depending on frequency (x) and time (y) of PL treatment. Equations (6–11) depict the response model
equation, wherein, a significant model was obtained for all responses, with a high coefficient of
regression R2 (>0.9) for temperature increment, color change and browning index responses. The gallic
acid content model showed lowest R2 (0.74), whereas R2 of total phenolic content and antioxidant
activity were within acceptable range (0.8–0.9). The results of the analysis of variance (ANOVA) for the
response surface models are given in Table 3. The model itself was found significant for all responses
(p < 0.05) and was adequate for navigating the design space. The plots of RSM have been given in
Figure 5:

ΔT (%) = −1.208 + 5.443x − 0.449x2 + 0.143y − 0.0006y2 + 0.1245xy, R2 = 0.98 (6)

ΔE = −1.279 + 1.342x − 0.082x2 + 0.398y − 0.0034y2 + 0.089xy, R2 = 0.95 (7)

BI = 0.311 + 0.0003x − 0.00002x2 + 0.0001y − 0.000001y2 + 0.0000003xy, R2 = 0.99 (8)

TPC (mg GAE/100 ml) = 44.474 + 0.466x − 0.240x2 + 0.145y − 0.0015y2 − 0.0202 xy, R2 = 0.82 (9)

GAC (mg/100 mL) = 52.742 − 0.108x − 0.027x2 − 0.227y − 0.0004y2 + 0.018xy, R2 = 0.74 (10)

AA (mM TEAC/mL) = 8.096 + 0.382x − 0.031x2 + 0.095y − 0.0019y2 − 0.004xy, R2 = 0.88 (11)

Based on the ANOVA results in Table 3, it could be concluded that individual interactions
of both PL frequency (x) and PL treatment time (y) significantly affected (p < 0.005) temperature
change, total color change and browning index. Based on the signs of the corresponding coefficient in
Equations (6)–(8), it could be concluded that higher PL frequency and higher PL time led to higher
values of temperature change, total color change and browning index. Total phenolic content was
significantly affected by only PL frequency (0.005 < p < 0.05) and not PL treatment time (p > 0.05),
whereas gallic acid content and antioxidant activity were significantly affected by only PL treatment
time (0.005 < p < 0.05) and not PL frequency (p > 0.05).

The effect of the mutual interaction of PL frequency and PL treatment time (x*y), which describes
the PL fluence that governs the microbial lethality level during the PL process, was only significant
(0.005 < p < 0.05) for temperature change, and did not affect other responses. Based on this, it could
be inferred that even a process requiring high fluence could be optimized to minimize quality loss
(at same levels of microbial lethality) by understanding the relative importance of PL frequency and
time on the response. The effect of the quadratic interaction of PL frequency (x2) was only significant
(0.005 < p < 0.05) for temperature change and browning index, while that of PL treatment time (y2) was
only significant (0.005 < p < 0.05) for antioxidant activity and browning index. This is often indicative
of the curvilinear relationship between the parameters.
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Table 3. Analysis of Variance (ANOVA) table for the influence of PL frequency and time on the
physicochemical properties of gallic acid solution.

Parameter Temperature Change (% ΔT) Total Color Change (ΔE) Browning Index (BI)

Type III SS F Value Pr > F Type III SS F Value Pr > F Type III SS F Value Pr > F

Model 2.82 × 103 - 3.23 × 10−5

*** 1.85 × 103 - 1.70 × 10−3 ** 3.09 × 10−6 - 8.70 × 10−15

***
Frequency

(x) 1.38 × 103 2.17 × 102 1.24 × 10−4

*** 7.48 × 102 3.33 × 10 4.47 × 10−3 ** 1.10 × 10−6 1.51 × 102 2.53 × 10−4

***

x2 1.01 × 102 1.59 × 10 1.63 × 10−2

*
3.35 1.49 × 10−1 7.19 × 10−1 1.92 × 10−7 2.64 × 10 6.79 × 10−3 *

Time (y) 1.22 × 103 1.92 × 102 1.57 × 10−4

*** 9.53 × 102 4.24 × 10 2.87 × 10−3 ** 1.76 × 10−6 2.42 × 102 9.96 × 10−5

***
y2 1.25 × 10−1 1.96 × 10−2 8.96 × 10−1 3.51 1.56 × 10−1 7.13 × 10−1 1.22 × 10−7 1.67 × 10 1.50 × 10−2 *

x*y 1.85 × 102 2.89 × 10 5.77 × 10−3

*
9.43 × 10 4.20 1.10 × 10−1 8.75 × 10−10 1.20 × 10−1 7.46 × 10−1

Parameter Total Phenolic Content (TPC) Gallic Acid Content (GAC) Antioxidant Activity (AA)

Type III SS F Value Pr > F Type III SS F Value Pr > F Type III SS F Value Pr > F

Model 2.56 × 10 - 4.39 × 10−7

***
3.87 × 10 - 1.80 × 10−6

***
3.31 - 1.51 × 10−6

***
Frequency

(x) 1.13 × 10 1.00 × 10 3.39 × 10−2

* 6.55 × 10−1 2.65 × 10−1 6.34 × 10−1 2.75 × 10−1 2.84 1.67 × 10−1

x2 2.90 × 10−1 2.58 × 10−1 6.38 × 10−1 3.64 × 10−1 1.47 × 10−1 7.21 × 10−1 4.68 × 10−1 4.84 9.26 × 10−2

Time (y) 4.62 4.11 1.12 × 10−1 2.16 × 10 8.72 4.19 × 10−2 * 1.44 1.49 × 10 1.82 × 10−2 *
y2 6.66 × 10−1 5.94 × 10−1 4.84 × 10−1 5.54 × 10−2 2.24 × 10−2 8.88 × 10−1 1.02 1.06 × 10 3.13 × 10−2 *
x*y 4.88 4.35 1.05 × 10−1 3.77 1.52 2.85 × 10−1 1.62 × 10−1 1.67 2.65 × 10−1

* p < 0.05; ** p < 0.005; *** p < 0.0005.

Based on the total sum of squares in Table 3 for significant interactions, effect of PL treatment
time dominated the value of all responses except temperature increment and total phenolic content as
compared to PL frequency. Thus, PL treatment time must be minimized preferably over PL treatment
time for reducing color change, gallic acid deterioration, browning index and antioxidant activity.

Cluster analysis (Figure 6) allowed the samples to be distinguished into two big aggregates
depending on the fluence. Cluster AI was formed by the reference gallic acid solution and samples
treated by rather small fluences <3.82 J/cm2. In turn, all samples that were treated by higher energies
were gathered in Cluster BI. Within the clusters, the samples also exhibit some dissimilarity—in Cluster
AI, the reference sample formed separate, one item aggregate while in the Cluster BI, similar behavior
was observed for sample treated by the highest fluence. Based on that data it can be estimated that when
it comes to treatment of polyphenols rich liquid food, there is a threshold value of fluence which does not
lead to relevant quality changes. Results obtained for gallic acid model solution indicate that treatment
below 3.82 J/cm2 maintains the quality (expressed by the investigated physicochemical properties)
almost unchanged from the statistical point of view whereas delivery of higher than 3.82 J/cm2 values
of fluence lead to relevant modification of the quality. A similar optimization approach of imposing
limits on reciprocation time and frequency was proposed in our previous work [26] for improving the
quality of reciprocating agitation thermal processing, which suggests the parallel between optimization
approaches for both thermal and non-thermal processing technologies. What more, the application of
fluence higher than 11.1 J/cm2 results in severe modification of the quality giving the product with
significantly different properties than solutions treated by other parameters. However, it is worth
emphasizing that obtained results are valid for model solution and should be rather considered as
leads when it comes to the design and analysis of PL treatment of real food systems.
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Figure 5. RSM plots showing the impact of PL on the properties of gallic acid aqueous solution. from
top to bottom: (a) temperature change, ΔT; (b) total colour difference, ΔE; (c) browning index, BI;
(d) Total phenolic content, TPC; (e) Gallic acid content, GAC; (f) antioxidant capacity.
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Figure 6. Results of the cluster analysis performed based on of all investigated variables.

4. Conclusions

Pulsed light (PL) processing happens to be a promising non-thermal technology for food
preservation and processing. It has been shown to have great potential for decontaminating food
products by destroying pathogenic microorganisms. However, the effect of PL on food bioactive and
nutritional compounds is unclear. The aim of this study was to understand how the PL treatment
affects the gallic acid aqueous solution, which is taken as a model system of phenolic-abundant liquid
food matrices. Several parameters of the gallic acid solution were tested by a design of experiments
approach for the effect of PL processing-colour, total phenolic concentration, antioxidant activity using
DPPH free radical assay. It was found that PL can modify the optical properties of gallic acid and
cause reactions and degradation of gallic acid. The absorbed light energy resulted in a proportional
temperature increase. The L* and b* color values decreased significantly, with an increase in the
browning index on PL treatment. The gallic acid content and the total polyphenol content changed
initially, but remained constant after a critical fluence was reached, whereas the antioxidant activity did
not vary significantly, except at the highest fluence level tested (17.20 J/cm2). This suggests that despite
the photosensitivity of the gallic acid, the degradation products still had similar antioxidant potential
even at relatively high fluences. Based on a cluster analysis, a critical fluence level (<3.82 J/cm2) was
suggested, below which PL shall have minimal effect on the overall quality of model gallic acid solution.
With less than 10% degradation of gallic acid and less than 20% degradation of the antioxidant activity,
it can be said that the PL technology has excellent ability to process liquid foods rich in polyphenols
and antioxidants.
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Abstract: Process control in the industry requires fast, safe and easily applicable methods. In this
sense, the use of dielectric spectroscopy in the microwave range can be a great opportunity to monitor
processes in which the mobility and quantity of water is the main property to produce a quality and
safety product. The candying of fruits is an operation in which the samples are first osmotically
dehydrated and then exposed to a hot air-drying operation. This process produces changes in both
the structure of the tissue and the relationships between water, the solid matrix and the added
soluble solids. The aim of this paper is to develop a dielectric tool to predict the water/sucrose states
throughout the candying of apple, by considering the complexity of the tissue and describing the
different transport phenomena and the different transition processes of the sucrose inside the sample.

Keywords: dielectric spectroscopy; permittivity; dehydration; candying; hot air drying;
isotherms; sucrose

1. Introduction

Dehydration is probably one of the most important methods of foods preservation. The main
objective in dehydrating agricultural products is the removal of water in the foods up to a certain level
of water activity, at which microbial spoilage and deterioration chemical reactions are minimized [1].
Apples are consumed either fresh or in the form of various processed products such as juice, jam,
marmalade and dried products [2], being the dried apples in extensive demand. Candying is an
industrial operation, which consists on osmotic dehydration (OD) followed by a hot-air drying (HAD)
treatment. OD consists of the immersion of foods in hypertonic solutions with the objective of
producing a water flow out of the food and a simultaneous flow of solutes inside the tissue. In fruits,
these mass transfer phenomena affect the apple structure. Fruits are formed by vegetal cells, conforming
the parenchyma tissue, which is a complex structure with intercell connections (plasmodesmata),
intracellular and extracellular spaces [3–5]. Intracellular volume is mainly occupied by vacuoles,
which are fundamentally a water solution with multiple solutes. The membrane of the cell is named
protoplast, it is selectively permeable (active and passive protein channels) and controls turgor and
the cell growth [6]. The cell membrane has protein channels named aquaporin and calcium protein
channel that are responsible of the water transport and the cell homeostasis [7]. The cell wall provides
mechanical resistance to the cell. In the union between cell walls and protoplast are bonds of Na+,
protein microtubules and conduits named plasmodesmata that allow the transport between the adjacent
cells (symplastic pathways). Extracellular volume comprehends the cell wall and the spaces between
cells [3]. OD produces different phenomena in the cellular tissue, first dehydration with shrinkage
and solute intake in extracellular space. Continuous shrinkage produces a breakdown between wall
and protoplast called plasmolysis causing mechanical driving forces (swelling/shrinkage) [8–11]. The
changes in cellular tissue affect the water mobility and its distribution [12].
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HAD influences on fruit quality because it produces chemical, physical and biological changes
in food [13]. Moreover, the internal structure undergoes deformation and could be locally damaged.
Removal of water adds rigidity to the external layers and simultaneously builds up moisture gradients,
which create shrinkage stresses [14]. The understanding of these effects is still limited, and more
studies are necessary in this field in order to improve food quality and nutritional characteristics of
dehydrated foods.

During the candying process, crystallization of sucrose occurs. Sucrose crystallizes in
supersaturated aqueous solutions. The sucrose molecule has eight hydroxyl groups, which can
be involved in hydrogen bond formation. In sufficiently diluted aqueous solutions, all the hydroxyl
groups form hydrogen bonds with water molecules. If the concentration increases, the molecules
start to interact forming an intramolecular bond and then two intermolecular bonds [15]. If sucrose
concentration in the solution increases, aggregation phenomena occur between sucrose molecules,
leading to stable three-dimensional nucleus [16]. After nucleus formation, the crystal growth consists in
the incorporation of sucrose molecules to the crystal lattice, which requires the migration of hydration
water from the crystal surface to the solution [17].

The analysis of the electromagnetic field (EMF) properties in range of microwaves could be
a good tool to monitor and improve apple candying. The development of sensors to determine
the dielectric properties of biological tissues, in range of radiofrequency and microwaves, has been
demonstrated to be a useful tool for monitoring the quality of many products: Poultry [18–22],
pork [23–27], beef [28], goat [29], meat products [30], cheese [31], mandarin [32], potato [33], wheat [34],
agricultural products [35–37], pomegranate [38] and apple [39–41], and for monitoring processes of
pork meat HAD [42] and salting [43], orange peel drying [44], cheese salting [45], brewing [46], puffing
of amaranth seeds [47], OD of kiwi [48] and apple [49].

The EMF is a flux of photons [50] and the interaction with matter can be modeled by Schrodinger’s
equation [51] attending to the quantum theory. However, at the macroscopic level, it is possible to
apply the Maxwell’s equations [52], where the physical property that describes the electric effect
is the complex permittivity and for the magnetic effect is the complex permeability [50]. In the
microwave range (1.24·10−6 to 1.24·10−3 eV or 300 MHz to 300 GHz), these interactions are described
by γ-dispersion and ionic conductivity. γ-dispersion is caused by the induction and orientation of
dipolar molecules, being water the most important in biological systems [53]. These phenomena
generate electric energy accumulation caused mainly by water spin reorientation and it is represented
by the real part of the permittivity (ε′). On the other hand, a part of the electrical energy of photons is
transformed in other energies (mechanical or calorific) due to the collisions or frictions associated to
the increase of molecular mobility; this part of the electric energy is called the loss factor (ε”). In the
microwave range, the vibration of chemical species with very high ionic strength causes a part of the
losses of electrical energy; this is called ionic conductivity (σ) [54].

The aim of this paper is to develop a dielectric tool to predict the water/sucrose states throughout
the candying of apple, by considering the complexity of the tissue and describing the different transport
phenomena and the different transition processes of the sucrose inside the sample.

2. Materials and Methods

Apples (var. Granny Smith) were bought from a local supermarket and kept refrigerated until use.
The apples were cut with a caliper and a cork borer in cylinders (1 cm thickness, 2 cm diameter) from
the parenchymatic tissue. There were prepared 126 samples in order to obtain 7 isotherms (Figure 1).
Eighteen samples were used to obtain the isotherm of raw apple (I0): Three samples to characterize the
raw material, it is without hot air dehydration, and 15 exposed to hot air dehydration. The remaining
108 samples were dehydrated osmotically to obtain six isotherms (I1 to I6); 18 samples were used for
each selected time of OD: Three samples to characterize osmotic dehydrated samples, it is without hot
air dehydration, and 15 exposed to hot air dehydration. In conclusion, seven isotherms were obtained,
considering that the samples of an isotherm have the same solid matrix/sucrose weight relation.
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Figure 1. Flow diagram of the experimental procedure, where I represents each isotherm, subindices i
from 0 to 6 of each isotherm represent a concrete sucrose/solid matrix weight relation, t1 to t6 represent
the different times of hot-air drying (HAD).

Sucrose solution (65% w/w, 30 ◦C), prepared with commercial sugar and distilled water, was
used as an osmotic agent. The relation between the fruit and the osmotic solution was of 1:20 (w/w)
to avoid changes in the solution during the process. The system was maintained at 30 ◦C in a
constant-temperature chamber. To prevent evaporation the vessel was covered with a sheet of plastic
wrap. Preliminary kinetic studies were done at the same working conditions in order to select the OD
treatment times. The OD treatment times in the preliminary studies were: 180, 360, 720, 1463, 1577,
1722, 3375, 4320, 7200, 8640, 10270, 14590 and 23230 min. Based on the results [54], OD treatment times
were selected for this research: 0, 360, 720, 1722, 3375, 4320 and 10270 min. After the treatment, the
samples were removed from the solution and blotted with a paper to remove the superficial osmotic
solution. Then, the samples were kept at 30 ◦C for 24 h, on AquaLab disposable sample containers,
closed with parafilm®. The mass, volume and water activity of the 126 samples were measured after
the repose. Moreover, permittivity, moisture and soluble solids content (◦Brix) of three samples of each
OD treatment time were measured to characterize each sucrose/solid matrix weight relation (xS/xSM),
considering as the solid matrix mass is neither water nor solutes. The remaining samples in each
isotherm were hot air dried (times of HAD treatment: 30, 60, 120, 955 and 1368 min). Three samples
were used in each HAD treatment time. The drying experiments were carried out at 40 ◦C drying
air temperature. The convective dryer was designed and built in the Food Technology Department
of Universitat Politècnica de València, has a control unit for setting the velocity and temperature
of air, which is heated through electrical resistances. Air velocity was kept at a constant value of
1.5 ± 0.2 m s−1 in all experiments.

After the drying treatment, samples were maintained at 30 ◦C for 24 h, on AquaLab disposable
sample containers, closed with parafilm®®. After this repose time, the permittivity, mass, volume,
water activity, moisture and soluble solids content were measured.
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Volume measurements were analyzed by image analysis and the software Adobe Photoshop®®

CS5 (Adobe Systems Inc., San Jose, CA, USA) to get the diameter and the thickness of the samples.
The images of the samples were obtained with a digital camera (Canon EOS 550D, with a size of
2592 × 1728 pixels and a resolution of 16 pixel/mm).

Mass was determined by using a Mettler Toledo Balance (±0.0001 g; Mettler-Toledo, Inc., Columbus,
OH, USA). Measurements were done in structured samples (not minced), thus the obtained aw is
considered to be the surface aw [54].

Water activity was measured in the structured samples with a dew point hygrometer Decagon
(Aqualab®® series 3TE) with precision ±0.003.

Moisture content in the apple cylinders was determined gravimetrically at 60 ◦C in a vacuum
oven until constant weight was reached [55]. Sugar content was determined in a refractometer (ABBE,
ATAGO Model 3-T, Tokyo, Japan).

The system used to measure permittivity consists of an Agilent 85070E open-ended coaxial probe
(Agilent, Santa Clara, CA, USA) connected to an Agilent E8362B Vector Network Analyzer (Agilent,
Santa Clara, CA, USA). The system was calibrated using three different types of loads: Open (air),
short-circuit and 30 ◦C Milli-Q water. Once the calibration was carried out, 30 ◦C Milli-Q water was
measured again to check calibration suitability. Permittivity was measured from 500 MHz to 20 GHz.
The measurements were performed in triplicate. Dielectric constant (ε′) was modeled adjusting the
experimental data using Traffano-Schiffo model [20] (Equation (1)) in order to obtain information of
γ-dispersion:

logε′(ω) = logε′∞ +
3∑

n=1

Δlogε′n
1 + e(logω2−logτ2

n)·αn
, (1)

where n represents α, β or γ dispersion, logε′ represents the decimal logarithm of the dielectric constant,
logε′∞ the logarithm of the dielectric constant at high frequencies, logω represents the decimal logarithm
of the angular velocity (obtained from the frequency), Δlogε′n (Δlε′n = log ε′n − log ε′n−1) the amplitude
of the n dispersion, logτn the logarithm of the angular velocity at relaxation time for each n dispersion
and αn are the dispersion slopes. In this work, this model was applied for γ-dispersion only.

3. Results

In order to understand the mechanisms that govern the relationship between water and sucrose
in plant tissue matrix during OD and HAD treatments, and thus develop dielectric predictive tools
that not only explain the water state but also explain the state of the whole internal liquid phase of the
vegetal tissue, a kinetic analysis of the variation of overall mass, water and sucrose was proposed as a
first step. Overall mass, water and sucrose mass variations throughout the OD treatment are shown in
Figure 2. These parameters were estimated by Equations (2)–(4), respectively.

ΔM =
Mt −M0

M0
, (2)

ΔMw =
Mtxwt −M0xw0

M0
, (3)

ΔMs =
Mtxst −M0xs0

M0
(4)

where M represents the mass (kg), xi is the mass fraction of the compound i (kgi/kgT), being the
different compounds represented by subscripts: w the water, and s the soluble solids; moreover, the
subscripts t represent the treatment time, being 0 the initial value.

In Figure 2, it can be observed that the greatest loss of mass occurs during the first 1722 min of the
OD treatment. From that moment, there was no variation in the total mass of the sample or in the mass
of water. In contrast, the increase in soluble solids occurred during the first 720 min, being this content
stabilized from this point.
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Figure 2. Evolution of overall mass (�), water mass (�) and sucrose mass (�) through the
osmotic treatment.

The mass variation evolution does not allow us to observe correctly the chemical equilibrium
that happens when the plasmolysis occurs [54]. The plasmolysis or breakdown the bonds between the
protoplast and the wall precedes tissue shrinkage and swelling [56], and these phenomena change the
amount of liquid phase but not its composition. For this reason, the relationship between the sucrose
content and the solid matrix with respect to the treatment time is shown in Figure 3.

In Figure 3, it is possible to observe how the sucrose/solid matrix weight relation reaches a
maximum (cellular plasmolysis) at 1722 min. Seven different osmodehydration treatment times were
selected which correspond to seven different sucrose/solid matrix weight relations: 0 min of OD
(1.33 kgsucrose/kgsolid matrix), 360 min of OD (3.58 kgsucrose/kgsolid matrix), 720 min of OD (4.27 kgsucrose/

kgsolid matrix), 1722 min of OD (7.28 kgsucrose/kgsolid matrix), 3375 min of OD (4.31 kgsucrose/kgsolid matrix),
4320 min of OD (3.20 kgsucrose/kgsolid matrix) and 10,270 min of OD (6.82 kgsucrose/kgsolid matrix). Two
OD treatment times were selected before the plasmolysis in order to study the samples before the
chemical equilibrium. After the plasmolysis, the samples suffered mechanical phenomena (swelling
and shrinkage), which were responsible for the osmotic solution intake or outflow; from this time there
were no longer diffusional driving forces. After 1722 min of OD, the samples suffered a shrinkage
causing the outflow of liquid phase, and therefore the decrease in the sucrose content (decrease in the
weight relation sucrose/solid matrix). Two OD treatment times were selected in this period (3375 and
4320 min of OD). After the shrinkage, the swelling phenomenon occurred, which could be observed
by the increase of sucrose/solid matrix weight relation. One OD treatment time was selected in this
period: 10,270 min.

Figure 4 shows the relationship between the water activity of samples in equilibrium (24 h after
HAD treatment) and moisture expressed in dry matter (xw/1 − xw), or isotherm at 30 ◦C. Moreover,
Figure 4 shows the isotherm of pure water/sucrose solution at 30 ◦C from [57], where it is possible to
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observe that the apple isotherm data are around the isotherm of pure solution. The range of water
activity measured covers some state transitions associated with water and sucrose. Thus, it is necessary
to analyze the possible transitions that occur during the HAD treatment.

 

Figure 3. Sucrose/solid matrix relation with regard to osmotic dehydration (OD) time. Dotted lines
represent the OD samples times chosen for the samples that will be dehydrated later by HAD.

 

Figure 4. Moisture (kg water/kg dry matter) with regard to the water activity, where: (—)
represents a water-sucrose solution [57], (�) 1.33 kgsucrose/kgsolid matrix, (�) 3.58 kgsucrose/kgsolid matrix,
(�) 4.27 kgsucrose/kgsolid matrix, (�) 7.28 kgsucrose/kgsolid matrix, (x) 4.31 kgsucrose/kgsolid matrix, (�) 3.20
kgsucrose/kgsolid matrix and (�) 6.82 kgsucrose/kgsolid matrix.
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Figure 5 shows the diagram state of the sucrose–water solution represented as water activity
versus temperature. In this figure, it is possible to observe how at 30 ◦C the samples crossed the
saturation and supersaturation curve as the viscosity of the liquid phase increased. This represents
that the liquid phase analyzed could be in the stable, metastable or supersaturated region. Therefore,
when developing a predictive tool for the water state during an OD or HAD treatment, it is important
to predict not only the composition but also to predict the water mobility or the state of the liquid
phase of the tissue being treated.

 

Figure 5. Diagram state of sucrose solution represented as water activity vs. temperature, where
(( ) and (( ) lines represent the saturation and supersaturation curves obtained from [16], (( ) lines
represent different values of viscosity obtained from Lewis (1990) [58], and (�) represent the different
experimental values of samples with OD and HAD treatments.

In order to develop a tool to predict the state of the liquid phase throughout the treatment of OD
or HAD, the dielectric properties were analyzed in the range of microwaves, where the γ (dipolar
effect) affects mainly the water molecules, generating an orientation and induction effect that was
greater when the mobility of the molecules was greater.

Figure 6 shows the dielectric constant and loss factor spectra of samples treated 360 min with OD
and different HAD treated times, as an example of spectra variation throughout the HAD treatment.
The dielectric phenomena by orientation and induction occurred in the range of radiofrequency
and microwaves. The phenomena were three, α, β and γ and occurred in a large frequency range.
It is considered that each phenomenon has a maximum effect when the losses are maximum and
the frequency at which the maximum effect occurs are called the relaxation frequency. In order to
understand the relationship of each phenomenon with the molecules affected, it is necessary to adjust
the spectrum to a model that obtains the relaxation values of each phenomenon. The Traffano-Schiffo
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model [20] has been applied to obtain the relaxation values in the γ-dispersion. In Figure 6, it is
possible to observe some relaxation frequencies decreasing with the HAD treatment time.

 

ε
ε

ε

ε

ε
ε

Figure 6. Dielectric constant and loss factor spectra of samples treated 360 min with OD and different
HAD treatment times (tHAD), where: fR is the relaxation frequency, and sub-indices R1, R2 and R3 refer
to the relaxation of γ-dispersion of samples dehydrated 0, 30 and 60 min, respectively.

The dielectric constant is the part of the permittivity that describes the orientation (electrical
storage) of the water molecule. Dielectric constant is higher when the movement capacity of the water
molecules is greater, as well as higher the number of water molecules is.

Figure 7 shows the relation between the dielectric constant at relaxation frequency and the water
activity, where it is possible to observe a linear relation between the dielectric constant at the relaxation
frequency and the water activity, regardless of the sucrose/solid matrix weight relation, the structure
changes or the rheologic transitions. Therefore, only the water mobility affected the water orientation,
and thus, dielectric constant in relaxation frequency represents an excellent tool to predict the water
activity but not the transitions of water/sucrose.

The linear regression obtained was (R2 = 0.944):

aw = 0.0346·ε′relaxation + 0.2363. (5)

The constant of the equation (0.2363), which represents the activity of water for a null dielectric
constant or null water capacity for orientation, coincides with the water activity at which sucrose
crystallizes (0.23) [59].

Figure 8 shows the relationship between the moisture in dry basis and the relaxation frequency in
the different regions described in Figure 5. As it is possible to observe in this figure, only the samples
that were in the stable region showed a linear relation, in this region the liquid phase had great mobility
and the viscosity was low. Samples located in a metastable or supersaturated region moved away
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from linearity. This meant that it was possible to discriminate the regions of the state diagram of
sucrose/water by analyzing the frequency of relaxation.

 

ε

Figure 7. Relation between the dielectric constant at the relaxation frequency and the water activity.

 

Figure 8. Relation between the moisture in dry basis (kgwater/kgdry matter) with the relaxation frequency,
where (�) represents the samples in stable region, (�) represents the samples in metastable region and
(�) the samples in the supersaturated region.
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With the purpose of being able to use dielectric measurements in the microwave range to predict
the sorption isotherm of apples in the process of OD and HAD, besides being able to correctly describe
the water/sucrose state, the frequency of relaxation was compared with the loss factor.

Figure 9 shows the semilogarithmic relationship of the relaxation frequency and the loss factor
at relaxation frequency, segregated according to the stability region. As it is possible to observe the
relation between both was linear in all the regions, and did not allow the separation. Nevertheless, at
the very low mobility zone in the supersaturated region, new behavior appeared because the relaxation
frequency remained constant while the loss factor was reduced, this might be due to the vitrification
process (glass transition).

 
ε

Figure 9. Semi-logarithmic relation between the relaxation frequency and the loss factor at relaxation
frequency, where (�) represents the samples in stable region, (�) represents the samples in metastable
region, (�) the samples in the supersaturated region and (—) represents the linear regression of all
data together.

4. Discussion

The treatment of OD produces compositional and structural transformations within the tissue
and the HAD treatments produce water losses, structural transformations and transitions in the liquid
phase. In order to analyze the two treatments it is necessary to include several critical points of both
processes such as plasmolysis, compression/relaxation phenomena or saturation and supersaturation
of the liquid phase. In Figure 3, it is possible to observe how the sucrose/solid matrix weight relation
reaches a maximum (plasmolysis) at 1722 min.

Samples treated with OD and HAD, plasmolyzed or not, cross the saturation and supersaturation
curve as the viscosity of the liquid phase increases. This represents that the liquid phase of samples
analyzed could be in the stable, metastable or supersaturated region. Therefore, when developing a
predictive tool for describing the water state during an OD or HAD treatment, it is important to predict
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not only the composition but also to predict the water mobility or the state of the liquid phase of the
tissue being treated.

The Traffano-Schiffo model allows obtaining the relaxation values in the microwave range, it allows
us to represent the dielectric constant at relaxation frequency versus the water activity, where it is
possible to observe a linear relation between both variables. Therefore, only the water mobility affects
to the water orientation, and thus, dielectric constant in relaxation frequency represents an excellent
tool to predict the water activity but not the transitions of water/sucrose. Moreover, the good fit of the
data is shown in the good values of the correlation coefficient and also in the coincidence between the
constant of the equation and the water activity at which sucrose crystallizes (0.23).

The relationship between the moisture in the dry basis and the relaxation frequency in the different
regions described shows that only the samples that are in the stable region have a linear relation. In this
region, the liquid phase has great mobility and the viscosity is low. Samples located in a metastable or
supersaturated region move away from linearity. This means that it is possible to discriminate the
regions of the state diagram of sucrose/water by analyzing the frequency of relaxation.

The relaxation frequency and the loss factor at the relaxation frequency had a semilogarithmic,
relationship in all the regions, and did not allow the separation. Nevertheless, at the very low
mobility zone in the supersaturated region, new behavior appeared because the relaxation frequency
remained constant while the loss factor was reduced, this might be due to the vitrification process
(glass transition).

In the dielectric analysis in γ-dispersion, samples before and after the OD plasmolysis showed no
differences, therefore, in this case of parenchymatic tissue, the effect of membrane plasmolysis had no
effect in the water orientation or induction. Therefore, in similar fruit tissue, with high quantity of
parenchymatic tissue and low vascular tissue, the behavior could be expected to be similar.

5. Conclusions

The use of specific frequencies of the dielectric properties in γ-dispersion did not allow us to
correctly analyze the mobility of water and it makes it necessary to determine the dielectric properties
at the relaxation frequency. It was demonstrated that the dielectric constant (at relaxation frequency)
was linearly related to the water activity and not to the moisture, it means that it was affected by
water mobility and therefore by the structure. In addition, it was possible to determine sucrose
supersaturation processes by analyzing the relaxation frequency, which depends on the deformation of
the water molecule. Therefore, it was demonstrated that the use of dielectric properties in γ-dispersion
at relaxation frequency allowed us not only to monitor the OD and HAD processes of the apple
candying, but also to predict the supersaturation state of the liquid phase until vitrification.
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Abstract: Consumer demand for safe and nutritious fruit juices has led to the development of a number
of food processing techniques. To compare the effect of two processing technologies, thermo-sonication
(TS) and ultra-high pressure (UHP), on the quality of mango juice, fresh mango juice was treated with
TS at 25, 45, 65 and 95 ◦C for 10 min and UHP at 400 MPa for 10 min. The phenolic profile of mango
was also analyzed using the newly developed ultra-performance liquid chromatography-electrospray
ionization-quadrupole time of flight-mass spectrometry (UPLC-Q-TOF-HRMSn) and, based on this
result, the effect of TS and UHP on the phenolics of mango juice was evaluated. Both treatments
had minimal effects on the oBrix, pH, and titratable acidity of mango juice. The residual activities of
three enzymes (polyphenol oxidase, peroxidase, and pectin methylesterase), antioxidant compounds
(vitamin C, Total phenolics, mangiferin derivatives, gallotannins, and quercetin derivatives) and
antioxidant activity sharply decreased with the increase in the temperature of the TS treatment.
Nevertheless, the UHP treatment retained antioxidants and antioxidant activity at a high level. The
UHP process is likely superior to TS in bioactive compounds and antioxidant activity preservation.
Therefore, the mango juice products obtained by ultra-high-pressure processing might be more
beneficial to health.

Keywords: mango juice; thermo-sonication; ultra-high pressure; physicochemical property;
phenolic compounds

1. Introduction

Mango (Mangifera indica L.) is one of the most economically important and popular tropical fruits
and is widely recognized worldwide for its admirable sensorial characteristics (sweet taste, bright
color, and delicious flavor) and nutritional composition (carbohydrates such as glucose, fructose and
sucrose, vitamins, minerals, fiber, and phytochemical), as well as its popularity and high production.
Mango is considered as a ‘king of fruits’ due to extensive appeal across Africa, the Americas, Australia,
Europe and Asia [1,2].

Mango is consumed as fresh fruit as well as processed products, like juice, pulp, powder,
mash, pickles and syrup [2,3] and, among these products, juice has the higher consumption and
higher economic value [2,4]. Due to a higher consumption, the mango juice market has increased
considerably [5,6]. As for fruit juice processing, a number of studies have focused on the effects of
processing technologies on juice quality [2,3,7,8]. Among them, thermal processing was widely applied
in the food industries to preserve juice. However, since fruits are usually susceptible to thermal
processing, this can lead to considerable damage to bioactive constituents and sensory characteristics of
fruit products. Studies on non-thermal processing technologies such as ultraviolet, pulsed electric field,
ultrasound and ultra-high pressure (UHP) are being carried out because they cater to the consumer
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demand of fresh-like, minimally processed foods. When high power ultrasound at low frequencies
(20–100 kHz) propagates in liquid, cavitation (formation and collapse of bubbles) occurs. As a result,
elevation of localized pressure and temperature causes the alteration of the properties of food products
either physically or chemically [7,8]. Individual ultrasound processing effects on juice products were
widely reported in different fruit cultivars [8–10]. However, few papers about the combinative effects
of ultrasound and heat on fruit juice quality are available. UHP is a promising processing technology
to meet the needs of fresh juice. At present, the studies are mainly focused on the influence of the
technology on macromolecular substances such as protein, pectin and fiber. However, the effect on
bioactive components (small molecule) is rarely reported [11].

Mango is rich in antioxidants such as polyphenols, flavonoids and other phytochemicals [12].
Previous reports have shown that polyphenols can modulate immune response activities [13,14].
In addition, polyphenols prevent genetic toxicity by reducing the exposure to oxidative and carcinogenic
factors [15,16]. Regular consumption of mango fruits supplies a considerable number of polyphenols
which have beneficial physiological effects [17–19]. Mango polyphenols exhibit anti-inflammatory
and cancer cytotoxic properties in multiple cancer types, including malignancies of the colon and
breast [13,15,16]. A previous study showed that the content of polyphenols in mango peel is higher
than that in pulp [14]. Mango polyphenolics are mainly rich in gallic acid, gallotannins, galloyl
glycosides, and flavonoids [12,20]. It has been proved that these phenolic compounds in mango are
the main bioactive ingredients beneficial to health [19]. However, no information about the effect of TS
and UHP treatments on the phenolic profile of mango juice is available. Current consumers look for
healthy food products, maintaining mango juice’s inherent physical and chemical properties of interest
(e.g., texture, pH, titratable acidity, total soluble solids, total phenolics, total carotenoids and vitamin C)
and nutritional quality during its processing. Hence, the objective of the present study was to evaluate
the effects of TS and UHP treatments on the quality and phenolic profile of mango juice.

2. Materials and Methods

2.1. Preparation of Juice Samples

Chinese mangoes cv. Kensington Pride were purchased from a producer in Hainan province
and brought to full ripeness by maintaining at 20–23 ◦C and 90% relative humidity (RH). Mangoes
were washed with tap water, then dried and cut into small pieces. Kernel and bruised portions
were discarded. Peel and a small part of pulp were collected and stored at −20 ◦C for phenolic
identification within two weeks. The remaining pulp was used to obtain juice by a domestic juice
extractor (AUX-PB953, Foshan Haixun Electric Appliances Co., Ltd., Foshan, China). After filtration
using a sterilized double-layered muslin cloth, the juice was vortex mixed and stored in 50-mL
pre-sterilized PET bottles at 4 ◦C for further treatment within 2 h.

2.2. Thermo-Sonication (TS) and Ultra-High Pressure (UHP) Treatment

TS treatment was performed using a 250-W ultrasonic processor (Ningbo Xingzhi Biotechnoligy
Co., Ltd., Ningbo, China) at four different temperatures 25, 45, 65, and 95 ◦C for 10 min. UHP treatment
was carried out using an ultra-high pressure processor (Bao Tou KeFa High Pressure Technology
Co., Ltd., Baotou, China) at 400 MPa for 10 min (based on previous optimization). The juice without
treatment was considered as control. All treatments were conducted in triplicate. Brix, pH, acidity,
polyphenol oxidase (PPO), peroxidase (POD), and pectin methylesterase (PME) were measured
immediately after treatment. The remaining juice was stored at −20 ◦C until further analysis for
vitamin C, total phenolic content, antioxidant activity and quantification of phenolic compounds
within two weeks.
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2.3. Determination of oBrix, pH, and Acidity

A hand refractometer WYT-80 (Quanzhou Wander Experimental Instrument Co., Ltd., Quanzhou,
China) was used to measure oBrix. A digital pH meter (Delta 320 pH meter, Metller Toledo Instruments
Co., Ltd., Shanghai, China) was used to measure pH. The titratable acidity was measured according to
the method suggested by the “Association of Official Analytical Chemists” (AOAC, 2000) with a 0.1 M
NaOH solution as the titration solution.

2.4. Determination of PPO, POD and PME Residual Activities

The samples of mango juice were centrifuged at 8000 rpm for 15 min at 4 ◦C for the enzyme
activity assay. Polyphenol oxidase (PPO) and peroxidase (POD) activity were measured according to
the protocol of Macdonald and Schanchke [21]. For the determination of PPO, 1.5 mL supernatant
was mixed with 0.5 mL catechol (0.5 mol/L) and 3.0 mL potassium phosphate buffer (0.2 mol/L, pH
6.8). The absorbance was recorded at 410 nm within 3 min. With respect to POD, 0.32 mL potassium
phosphate buffer (0.2 mol/L, pH 6.8), 0.32 mL pyrogallol (5 g/100 mL) and 0.6 mL H2O2 (0.147 mol/L)
were mixed and variation in absorbance at 420 nm within 3 min was noted. Pectinmethylesterase
(PME) assay was conducted according to the method used by Saeeduddin et al. [7]. Briefly, 10 mL
supernatant was mixed with 40 mL pectin solution (1 g/100 mL) containing 0.15 mol/L NaCl. The pH
was adjusted to 7.7 by the addition of 0.05 mol/L NaOH and the time taken was recorded. The reaction
system was incubated at 50 ± 2 ◦C. Residual activities of PPO, POD and PME were calculated using
the following equation:

Enzyme activity (%) = 100At/A0 (1)

where A0 and At are the enzyme activities of the control and treatment samples respectively.

2.5. Determination of Total Phenolic Content

The total phenolic content was determined according to the method carried out by Tong et al. [22].
Approximately 100 μL mango juice from each sample was mixed with 0.4 mL distilled water and
0.5 mL diluted Folin–Ciocalteu reagent (1:10, v:v). The mixtures were incubated for 5 min at room
temperature and 1 mL 7.5% sodium carbonate (w/v) was added. The absorbance was measured at
765 nm after maintaining at 30 min in dark. A standard curve was obtained with gallic acid and the
result was expressed as mg of gallic acid equivalents (GAE)/mL juice.

2.6. Determination of Vitamin C

Vitamin C content was determined using a simplified method reported by Sulaiman and Ooi [23].
Approximately 25 mL of diluted solution was titrated against 0.1%� 2, 6-dichlorophenolindophenol
sodium (DCIPS) until the solution became a light pink color and persisted for 15 s. The calibration of
0.1%� DCIPS solution was performed with 1 mg/mL ascorbic acid. The results were calculated and
expressed as mgL−1 juice.

2.7. Determination of Total Antioxidant Activity

The total antioxidant activity assay was tested using the method reported by Li et al. [24] The
juice (0.4 mL) was centrifuged and mixed with 4 mL reagent mixture (sulfuric acid (0.6 mol/L), sodium
phosphate (28 mmol/L) and ammonium molybdate (4 mmol/L)). The mixture was kept at 95 ◦C for
90 min and the absorbance was measured at 695 nm. Ascorbic acid was used as standard and the result
was presented as mg ascorbic acid equivalent/mL juice.

2.8. Extraction of Polyphenolic Compounds for UPLC/UPLC-Q-TOF-HRMSn

Mango pulp was thawed and homogenized in an appropriate ratio of 10 g of pulp to 30 mL
of a solvent mixture (ethanol/methanol/acetone, 1/1/1). Similarly, mango peel was thawed and
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homogenized in a ratio of 5 g of peel to 15 mL of a solvent mixture (ethanol/methanol/acetone, 1/1/1).
For the quantification analysis of polyphenolics in mango juice before and after different treatments,
the extraction was conducted using the same method used for mango pulp. Afterwards, the resultant
solution of pulp, peel and juice was filtered through cheese cloth. The solvents were removed at 40 ◦C
by rotary evaporation under reduced pressure, and the aqueous residue was centrifuged to remove
insoluble precipitates. Polyphenolics were partitioned in a 20-mL Waters C18 cartridge. Compounds
not adsorbed to the cartridge were partitioned into ethyl acetate using a separatory funnel. The ethyl
acetate phase was combined with the methanol elute from the C18 cartridges, and the solvent were
removed under reduced pressure. The residual was dissolved in chromatographic acetonitrile and
used for UPLC and UPLC-Q-TOF-HRMSn.

2.9. The Quantification and Identification of Polyphenolic Compounds in Mango by
UPLC/UPLC-Q-TOF-HRMSn

For the quantification and identification of polyphenolic compounds, LC analysis was conducted
using Acquity Ultra Performance Liquid Chromatography system (Waters, Milford, MA, USA),
equipped with a C18 column (2.1 × 100 mm, 1.7 μm, Waters, Milford, MA, USA). The column, constant
at 40 ◦C, was eluted with a linear gradient mobile phase at 0–28 min: 2–50% B, 28–28.5 min: 50–100%
B, 28.5–30.5 min: 100% B, 30.5–32 min: 100–2% B, 32–34 min: 2% B, where A = water with 0.1% acetic
acid and B = acetonitrile. The flow rate was 0.3 mL/min, and the injected volume was 1 μL.

The mass spectrometric data of the full scan mode was collected using a G2-XS QT of MS (Waters,
Milford, MA, USA). The scan range was from m/z 100 to 2000 with a scan time of 0.3 s. The source
temperature was set at 120 ◦C with a cone gas flow of 50 L/h. The gas flow was set to 800 L/h at a
temperature of 400 ◦C. The capillary was set at 1 kV for ESI− mode with the cone voltage at 40 V.
The MSn analysis was carried out on a Waters-Micro mass Quattro Premier triple quadrupole mass
spectrometer. The collision energy was optimized according to the specific precursor ions.

2.10. Statistical Analysis

All tests were performed in triplicate and data were expressed as the means ± the standard
deviation. One-way analysis of variance (ANOVA) followed by LSD multiple comparison were
conducted using the SPSS 20 (IBM, Armonk, NY, USA). Differences with a p value < 0.05 were
considered significant.

3. Results and Discussion

3.1. Effects of TS and UHP on oBrix, pH and Titratable Acidity

The effects of TS and UHP on oBrix, pH and titratable acidity are shown in Table 1. All treatments
were not significantly different from each other when addressing the oBrix, pH and titratable acidity of
mango juice. These results are in consistent with the previous reports [9,10,25]. These previous studies
showed no significant variations in the oBrix, pH and titratable acidity of other fruit juices as a result
of various non-thermal processing food technology. This indicated that TS and UHP are promising
tools since they improved the quality of fruit juice without causing the significant change of basic
physicochemical indexes.

3.2. Effects of TS and UHP on Inactivation of PPO, POD and PME

The effects of different TS treatments on PPO, POD and PME in mango juice are shown in Table 2.
The highest enzyme inactivation was exhibited in the sample treated with TS at 95 ◦C, which showed
the residual activities of PPO, POD and PME as 3.47, 1.61 and 2.24% respectively. The increase in
temperature interval significantly deactivates PPO, POD and PME as described in previous report [26].
The time duration of the ultrasonic treatment causes the formation of free radicals, which are then
involved in inactivation of enzyme activities [27]. The formation of cavities due to bubbles development
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and disappearance is related to enzyme inactivation [28]. This can induce sharp increase in temperature
and pressure in a localized ultrasound generating area, which may be a major factor in enzyme
deactivation. As a result, the temperature and other mechanical forces during ultrasonic pasteurization
have a combined role in the enzyme inactivation. The mango juice was treated with UHP treatment at
400 MPa for 10 min. However, just a slight effect on the enzyme inactivation was recorded. These three
enzymes were likely pressure resistant, and the corresponding mechanism needs to be further studied.

3.3. Effects of TS and UHP on Antioxidant Compounds and Antioxidant Capacity

The effects of thermo-sonication on ascorbic acids and total phenolics are mentioned in Table 3.
The amount of ascorbic acid in fresh mango juice (control) was 117.47 ± 1.12 mg/L. It sharply decreased
from 116.26± 0.89 to 33.12± 1.35 mg/mL with the temperature increasing from 25 to 95 ◦C, corresponding
to 98.97, 64.22, 47.16 and 28.19% of residual quantity when TS treatments were conducted at 25, 45, 65
and 95 ◦C, respectively. There is no significant difference between the vitamin C contents of control
and TS at 25 ◦C. This means TS at normal temperature has no effect on the vitamin C contents of
mango juice. However, it exerts a significant effect of decomposition or oxidation of vitamin C when
the temperature is high (>45 ◦C) and, with the increase in temperature, the loss of vitamin C becomes
more prominent. Similar results were reported in apple juice and watermelon juice when treated
with TS at different temperatures [29,30]. From Table 3, vitamin C content was 114.16 ± 1.02 mg/mL
when treated with UHP at 400 MPa, showing a slight reduction (2.82%) compared with control. It is
likely that the density of the reactive system increased during UHP treatment, which promoted the
decomposition of vitamin C. The total phenolic content of the control sample was 1.76 ± 0.08 mg/mL.
It decreased from 1.73 ± 0.05 to 0.592 ± 0.005 mg GAE/mL, with the temperature increasing from 25 to
95 ◦C, reducing by 1.70, 51.36, 58.86 and 66.36% respectively. This suggests that TS at relatively low
temperature has no significant effect on total phenolic content of mango juice, but significantly reduce
it when temperature is high. A similar result was obtained in pear juice [7]. Mango juice treated with
UHP at 400 MPa showed a higher total phenolic content (1.82 ± 0.003) than the control, though this is
not significant. The increase in the content of phenolic compounds during UHP treatment might be
due to the secretion of the bound forms of these compounds in juice [4,31]. At 25 ◦C, vitamin C and
polyphenol content hardly changed after ultrasonic treatment as compared to control. This indicated
sonication only exerted a minor effect on antioxidants. Nevertheless, the high reduction in the content
of ascorbic acid and total phenols at 45–95 ◦C indicates that both entities were highly heat sensitive.
UHP is a promising non-thermal technology for food processing and can effectively protect bioactive
components and avoid losses caused by heat treatment.

The effects of TS on the antioxidant capacity of mango juice are shown in Table 3. There was no
significant difference in total antioxidant activity between control (0.867 ± 0.006 mg AAE/mL) and
TS25 (0.862 ± 0.008 mg AAE/mL) samples. However, with the increase in temperature from 45 ◦C to
95 ◦C, the total antioxidant activity decreased from 0.792 ± 0.006 to 0.572 ± 0.005 mg AAE/mL, leading
to 8.65–34.03% loss. The antioxidant capacity of fruit juice is attributed to the presence of antioxidant
compounds such as ascorbic acid and total phenol [9]. The decreasing trend of the antioxidant capacity
of samples is consistent with the decrease in vitamin C and polyphenol content by TS treatments at
high temperature. However, ultra-high-pressure treatment was found to retain the antioxidant activity
(0.831 ± 0.003 mg AAE/mL) of mango juice at a high level of 95.85%, which indicates that UHP is a
promising technique for the protection of antioxidant and free radical scavenging capacity.

3.4. Identification of Polyphenolic Compounds

The polyphenols in mango pulp and peel were identified by UPLC-Q-TOF-HRMSn (Supporting
Information, Figures S1 and S2), and the results are shown in Tables 4 and 5 respectively.
Approximately 22 compounds from the peel and 14 compounds from the pulp were identified using
the UPLC-Q-TOF-HRMSn technique. All of the phenolic compounds identified in mango pulp, except
for iriflophenone di-O-galloyl-glucoside, were included in those of peel. Therefore, the MSs of phenolic
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compounds in mango peel are discussed here (Table 4). Among these compounds, five compounds,
i.e., 2, 4, 9, 10 and 11, were identified as benzophenone derivatives (Table 4). The molecule ions at m/z
575.1039, 727.1071 and 879.1256 were identified as maclurin mono-O-galloyl-glucoside (compound
2), maclurin-di-O-galloyl-glucoside (Compounds 4, 10 and 11) and maclurin tri-O-galloyl-glucoside
(Compound 9). The fragment ions were obtained by the successive loss of galloyl or H2O. The MS 2

results showed that the fragment ions of compound 2 were found at m/z 423.09, 303.05, 285.04, 261.04
and 193.02, corresponding to the loss of galloy moiety, 272.0469 Da ion, H2O, 2H2O and 110.0352 Da
ion, respectively. Similar fragment loss was found in compounds 4, 9, 10 and 11. The above results
show that benzophenone derivatives in mango were all maclurin-gallic glucosides with different
substitution degrees. Compounds 3, 6 and 7 were identified as mangiferin and their derivatives (Table 4).
Compound 3 was identified and detected as mangiferin at m/z 421.0771 ([M − H]−). Mangiferin is
a glycosylated xanthine found in several varieties of mango. It is reported to be not only a typical
biomarker for resistance against Fm infection but also have pharmacological activities in different
organs and tissues, such as protecting the heart, neurons, liver, and kidneys and preventing or delaying
the onset of diseases [32]. Compounds 6 and 7 were identified as mangiferin gallate and iso-mangiferin
gallate as a result of the loss of galloyl moiety and H2O. In this study, five tannins, compounds 1, 5,
8, 16 and 20, were identified as gallic acid, tetra-O-galloyl-glucoside, iso-tetra-O-galloyl-glucoside,
penta-O-galloyl-glucose and hexa-O-galloyl-glucose, respectively. Gallic acid is a widespread tannin in
mangoes and has been recognized in other cultivars of mangoes [32]. In common, for most ions, neutral
losses of the galloyl fraction (152 Da) and of gallic acid (170 Da) were shown in Table 4. The fragmentation
profile created for these polyphenolic compounds were related to gallotannins and benzophenone
derivatives [12]. Compounds 12, 13, 14, 15, 17, 18, 19, 21 and 22 were found to be flavonoids and
identified as quercetin 3-O-galactoside, quercetin 3-O-glucoside, iso-quercetin 3-O-glucoside, quercetin
3-O-xyloside, iso-quercetin 3-O-glucoside, iso-quercetin 3-O-xyloside, kaempferol 3-O-glucoside,
quercetin 3-O-rhamnoside and iso-quercetin 3-O-rhamnoside, respectiviely. These flavonoids were
mainly of different forms of glycosides. Among them, the quercetin compound was the major aglycone.
The phenolic compounds identified in pulp are quite similar to the compounds of peel. However,
one compound in pulp was different from peel. This compound was identified as iriflophenone
di-O-galloyl-glucoside at m/z 711.1124 ([M − H]−). Specific fragmentation patterns of all the identified
compounds are shown in the Supplementary Materials.

3.5. Effects of TS and UHP on Phenolic Groups

Based on the analysis of UPLC/UPLC-Q-TOF-HRMSn, as well as the distribution and structure
characteristics of phenolic compounds in the chromatogram, the phenolic compounds in mango juice
were divided into three main groups, (i) mangiferin/derivatives, (ii) gallotannins, and (iii) quercetin
derivatives. Each group was relatively quantified by peak area to study its variation during TS and
UHP treatments. As shown in Figure 1, all three phenolic groups exhibited a generally decreasing trend
with the development of temperature, which was in accordance with the changes of total phenolics.
When treated with TS at 95 ◦C, the content of phenolic groups in mango juice was lowest. However,
quercetin derivatives showed an ultrasonic-resistant ability at low treated temperature (25 ◦C), but other
two kinds of phenolic compounds were unstable under ultrasound treatment, likely due to oxidation
and degradation induced by the ultrasonic cavitation effect. In addition, all three phenolic groups
were temperature-sensitive. A previous study showed that thermal processing significantly (p < 0.05)
affected individual phenolic acids, anthocyanins, flavan-3-ols, and flavonols, significantly (p < 0.05)
reduced total phenolic acid contents in both pinto and black beans and total flavonol contents in pinto
beans, and dramatically reduced anthocyanin contents in black beans [33]. The flavonols rutin and
quercetin also degraded under thermal processing in an aqueous model system [34]. The combined
mangiferin/derivatives may be released by UHP. This shows that ultra-high pressure could be an
excellent process technology of mango juice, with a high retention rate of phenolic groups (Figure 1).
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Figure 1. Effects of thermo-sonication (TS) and ultra-high pressure (UHP) on phenolic groups,
mangiferin and its derivatives, quercetin derivatives and gallotannins. TS25, TS45, TS65 and TS95
represent thermo-sonication treatment at 25, 45, 65 and 95 ◦C. UHP400 represents ultra-high pressure
at 400 MPa for 10 min. Each column represents a mean and the vertical bars indicate the standard
deviation. Means with different letters within the same color columns are significantly different (LSD
test, p < 0.05).

4. Conclusions

TS and UHP had a minor effect on the basic physicochemical properties of mango juice. TS at
high temperature significantly reduced the enzyme activities of PPO, POD and PME. The effects
of TS treatment on vitamin C, total phenolics and antioxidant activity were significant, and mainly
degradative or oxidative action. However, UHP treatment gave a high level of antioxidants and
antioxidant activity of mango juice. The Kensington Pride mango researched in this study was cultivated
in Hainan, the southernmost province of China. Abundant phenolic compounds from mango were
identified and the effects of TS and UHP on the phenolic profile were analyzed. We find that TS induced
the significant degradation of phenolic groups, mangiferin/derivatives, gallotannins, and quercetin
derivatives. The UHP treatment was likely superior to TS in bioactive compounds and antioxidant
activity preservation except for browning-related enzymes, which needs further study. The mango
juice products obtained by ultra-high-pressure processing are more beneficial to health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/8/298/s1,
Figure S1: Identification of polyphenolic compounds in Kensington Pride mango peel by UPLC-Q-TOF-HRMSn,
Figure S2: Identification of polyphenolic compounds in Kensington Pride mango pulp by UPLC-Q-TOF-HRMSn.
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Abstract: The aim of this study was to investigate the effect of a pretreatment, performed by a
combined method based on blanching, ultrasound, and vacuum application, on the kinetics of osmotic
dehydration and selected quality properties such as water activity, color, and bioactive compound
(polyphenols, flavonoids, and anthocyanins) content. The pretreatment was carried out using
blanching, reduced pressure, and ultrasound (20 min, 21 kHz) in various combinations: Blanching at
reduced pressure treatment conducted three times for 10 min in osmotic solution; blanching with
reduced pressure for 10 min and sonicated for 20 min in osmotic solution; and blanching with
20 min of sonication and 10 min of reduced pressure. The osmotic dehydration was performed in
different solutions (61.5% sucrose and 30% sucrose with the addition of 0.1% of steviol glycosides) to
ensure the acceptable taste of the final product. The changes caused by the pretreatment affected
the osmotic dehydration process by improving the efficiency of the process. The use of combined
pretreatment led to an increase of dry matter from 9.3% to 28.4%, and soluble solids content from
21.2% to 41.5%, lightness around 17.3% to 56.9%, as well as to the reduction of bioactive compounds
concentration until even 39.2% in comparison to the blanched sample not subjected to combined
treatment. The osmotic dehydration caused further changes in all investigated properties.

Keywords: cranberries; reduced pressure; sonication; color; bioactive compounds

1. Introduction

Cranberries are known as fruits rich in bioactive compounds, which provide positive effects and
health benefits to the human body. The abundance of bioactive compounds contained in cranberries
are also used in a medicine to treat urinary tract infections, gastrointestinal diseases, and support the
neurological and cardiovascular conditions. Moreover, cranberries exhibit antivirus, anti-inflammation,
and anticancer effects [1]. However, fresh cranberry is very sour, which is why its direct consumption
and application is limited. Therefore, a sugar addition is required during processing in order to improve
the taste of the fruit and to achieve consumers’ acceptance. On the one hand, osmotic dehydration
(OD) is a process in which sugars are used to partially remove water from the material, and as an
introduction of ingredients of the osmotic solution, usually sucrose, which has a beneficial effect on
changing the flavor profile of the product. On the other hand, one of the main disadvantages of OD is
time consumption [2].

Non-thermal methods such as pulsed electric fields, sonication, or high hydrostatic pressure have
the potential to accelerate the OD kinetics. Among these methods, sonication is one of the technologies
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which can be used in OD intensification. It could be introduced as a pretreatment step or directly
during the process [3–6]. Ultrasounds are series of vibrations at frequency varying between 20 kHz
and 100 MHz, which spread in a given medium, i.e., in liquids, solids, or gases. The use of high power
ultrasound leads to emergence of acoustic waves, which produce a direct (so-called “sponge effect”)
and an indirect effect (cavitation) on solid food matrices [4,7,8]. Ultrasonic waves have an impact on
nutritional and physico-chemical parameters of food, which are related to good extraction and the
recovery of bioactive compounds [9–13]. It has been reported that high power ultrasound has been
used to accelerate processes of mass exchange such as OD [5,14–16]. Moreover, ultrasound can be used
alone or combined with different techniques [10].

Another promising method of OD facilitation is vacuum impregnation/infusion technology,
which can also be described as a reduced pressure treatment. This method allows the air present
in the plant pores to be replaced by acting solution in an instant. Due to the use of reduced
pressure, mass transfer occurs faster, which is related to a hydrodynamic mechanism [17] and
deformation-relaxation phenomena [18]. Isotonic or hypertonic solutions and other solutions containing
valuable compounds beneficial for human health can be used for vacuum impregnation [19]. Similarly,
OD might be performed under low-pressure conditions, which have a positive effect on shortening
the process time in comparison to normal conditions. The use of low pressure during the treatment
degasses the tissue, which increases the contact surface of the osmotic substance with the product,
and the process of dehydration takes place faster [20].

In recent years, an increase in the number of obese people has been observed, therefore it is advisable
to design production processes that enable reduction or replacement of sugar in food products [21].
Consumers poorly perceive the use of synthetic sweeteners, which is why food manufacturers are
increasingly willing to use natural sweeteners, for example, steviol glycosides extracted from stevia
leaves (Stevia rebaudiana). These leaves also contain nutritional and antioxidant compounds such
as vitamin C, polyphenols, carotenoids, chlorophylls, and other macro and micronutrients [22–24].
Thanks to the application of steviol glycosides, it is possible to reduce sugar content while maintaining
proper sweetness of the product [25–27]. However, it is usually used as an addition to sucrose due to
the bitter aftertaste of steviol glycosides [28] and high molecular weight.

The aim of this study was to investigate the effect of pretreatment performed by a combined
method based on blanching, ultrasound, and vacuum application on the kinetics of osmotic dehydration
in two solutions (61.5% sucrose solution and 30% sucrose solution with the addition of 0.1% of steviol
glycosides). Moreover, selected quality properties of osmodehydrated cranberries as water activity,
color and polyphenols, flavonoids, and anthocyanins content were evaluated.

2. Materials and Methods

2.1. Material

Swamp cranberry (Vaccinium oxycoccus) bought at the local market (Bronisze, Poland) was used
as targeted matrix. Due to seasonality of the matrix, and to ensure reproducible results, cranberries from
one batch, harvested in October 2017, have been frozen in a blast cabinet Irinox Shock Freezer HCM
51.20 (Irinox, Treviso, Italy) at a temperature of −25 ◦C for 5 h. Frozen fruits were stored at −18 ◦C no
longer than 3 months. Only intact fruits of dark red coloring were used in the research.

2.2. Processing

2.2.1. Blanching

Cranberries are a difficult material to process due to their hard peel. In order to ensure proper
mass transfer during OD, the material was blanched until the peel broke. Blanching was performed at
a temperature of 90 ◦C for 5 min [29]. The frozen material, weighed on a laboratory scale (RADWAG,
Radom, Poland) with an accuracy of ± 0.01 g, and a distilled water were prepared in a ratio of 2:1 (w/w).
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After bringing the water to boiling, frozen cranberry fruits were placed in the water, which allowed
them to reach the process temperature. During blanching, temperature was controlled by measuring
the temperature. After 5 min of blanching, cranberry fruits were drained, dried on a filter paper,
and re-weighed.

2.2.2. Combined Pretreatment

Prior to the unconventional processing, cranberry fruits were weighed on a laboratory scale
(RADWAG, Radom, Poland) with an accuracy of ±0.01 g and placed in beakers. Blanched cranberries
were flooded with osmotic solution in 1:4 ratio. Afterwards, fruits followed unconventional
pretreatment with the use of: Sonication—ultrasounds at 21 kHz frequency and 180 W power
(ultrasound intensity equal to 3.6 W/g) generated by ultrasonic bath (MKD-3 ULTRASONIC) were
applied [30]. Time of sample treatment amounted to 20 min [5,14], and during the ultrasound
application changes in temperature of surrounding solution were below 1 ◦C. Reduced pressure—a
specifically prepared desiccator was used in pretreatment to lower the pressure by 300 mmHg (~40 kPa)
by vacuum pump. After reducing the pressure (lowering the pressure down to abovementioned value
lasted for 20 s), the pretreatment took 10 min and then the vacuum was cut, which took around 5 s.

The unconventional treatment was carried out in duplicate and applied in three variants:

1. A blanched material was placed in osmotic solution and the pressure was lowered three times in
10 min intervals (BL_3 × 10 v),

2. A blanched material was placed in osmotic solution and subjected to lowered pressure for 10 min,
then sonicated for 20 min (BL_10 v 20 us),

3. A blanched material was placed in osmotic solution and sonicated for 20 min, afterwards it was
subjected to lowered pressure for 10 min (BL_20 us 10 v).

All analyzed samples were summarized in Table 1 with their related abbreviations.

Table 1. Abbreviations of all researched samples of cranberries.

Treatment Abbreviations

After treatment, before osmotic dehydration

Blanched material BL
Osmotic solution

Sucrose 61.5%
(s)

Sucrose 30% with 0.1% steviol
glycosides addition (s + g)

Blanched material in osmotic solution under the pressure lowered
three times in 10 min intervals (BL_3 × 10v) BL_3 × 10 v_s BL_3 × 10 v_s + g

Blanched material in osmotic solution subjected to lowered pressure
for 10 min and sonicated for 20 min (BL_10 v 20us) BL_10 v 20 us_s BL_10 v 20 us_s + g

Blanched material in osmotic solution subjected to sonication for 20
min and to lowered pressure for 10 min (BL_20 us 10 v) BL_20 us 10 v_s BL_20 us 10 v_s + g

After osmotic dehydration

Blanched material subjected to osmotic dehydration for 72 h (BL_72 h) BL_s_72 h BL_s + g_72 h
Blanched material in osmotic solution under the pressure lowered

three times in 10 min intervals, and then subjected to osmotic
dehydration for 72 h (BL_3 × 10 v_72 h)

BL_3 × 10 v_s_72 h BL_3 × 10 v_s + g_72 h

Blanched material in osmotic solution subjected to lowered pressure
for 10 min and sonicated for 20 min, and then osmotic dehydration for

72 h (BL_10 v 20 us_72 h)
BL_10 v 20 us_s_72 h BL_10 v 20 us_s + g_72 h

Blanched material in osmotic solution subjected to sonication for 20
min and to lowered pressure for 10 min, and then osmotic

dehydration for 72 h
(BL_20 us 10 v_72 h)

BL_20 us 10 v_s_72 h BL_20 us 10 v_s + g_72 h

BL - blanched material.
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2.2.3. Osmotic Dehydration (OD)

OD was conducted in two solutions: 61.5% sucrose solution and 30% sucrose solution with
addition of 0.1% steviol glycosides. A sucrose solution of 61.5% concentration was chosen since it is
usually used as a standard solution [2,5,31]. However, a solution with the addition of steviol glycosides
was used to reduce sugar content in dehydrated fruits. Due to the fact that steviol glycosides are up
to 300 times sweeter than sucrose, the addition of little amount (0.1%) of this sweetener is enough to
maintain its sweetness comparable with fruits dehydrated in a standard solution [25,32].

The pretreated fruits were placed in beakers and poured with osmotic solution in 1:4 ratio. OD was
applied at a temperature of 40 ◦C for 72 h in a water bath with a stirrer at a rotation rate of 100 rotations
per minute and at amplitude of 4. During OD, the process kinetics were determined after 1, 3, 6, 24,
48, and 72 h, measuring the mass changes, dry matter content, and water soluble solids. OD was
performed in duplicate.

The analysis of cranberry fruits’ osmotic dehydration kinetics were determined based on water
loss WL (kg H2O/kg of cranberry) and dry matter mass gain SG (kg d.m./kg of cranberry) [5]:

WL = (moXw
o −mtXw

o )/mo (1)

SG =
(
mtXST

t −moXST
o

)
/mo (2)

where mo—initial mass of cranberry prior to dehydration [kg], mt—final mass of cranberry after
dehydration [kg], Xo

w, Xo
ST—water and dry matter content prior to dehydration [kg/kg], Xt

w,
Xt

ST—water and dry matter content after dehydration [kg/kg].

2.3. Cranberries Analysis

2.3.1. Dry Matter Content

Dry matter content was determined by weighing differently pretreated cranberries at 70 ◦C for 20
h [33]. The analysis was performed in triplicate.

2.3.2. Water Soluble Solids (Brix Index)

Water soluble solids were determined by squeezing the juice out of fruits with linen material.
Squeezed extract was placed in refractometer glass ATAGO PAL-3, and results were in Brix degrees
(◦Bx) [2]. The measurement was done in a triplicate.

2.3.3. Water Activity

Water activity of cranberries were determined after a given time of OD. The measures were held
with hygrometer Aqua Lab CX-2 (Decagon Devices Inc., United States) at 25 ◦C in three repetitions for
a few randomly selected fruits [34].

2.3.4. Color

The color test of pretreated and dehydrated samples were performed with the use of chromameter
of CM-5 type by Konica Minolta (Japan), with a reflection method in CIE L*a*b* system of the following
parameters: Light source D65, angle 8 ◦C, standard observer CIE 2◦. In CIE system L*, parameter refers
to sample lightness, while a* coordinate denotes share of green (-) and red color (+), and b* coordinate
describes share of blue (-) and yellow color (+). Prior to measurement the apparatus was black and
white calibrated [35]. The measurement was repeated five times for each sample.

The absolute color difference was calculated based on the following equation:

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2 (3)
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where ΔL*, Δa*, Δb* — indicator of color difference in comparison to blanched cranberry fruits.

2.3.5. Bioactive Compounds

Bioactive compounds as polyphenols, flavonoids, and anthocyanins content were measured
using spectrophotometric methods according to Nowacka et al. [30]. The analyses were performed in
triplicate. Polyphenolic content was expressed in mg of gallic acid in 100 g dry matter, flavonoid content
in mg of quercetin in 1 g of dry matter, and anthocyanin content in mg of cyanidin-3-glucoside per
100 g of fresh mass.

2.4. Statistical Analysis

One-way analysis of variance (ANOVA) was performed in order to determine the impact of
pretreatment and osmotic solution on the physical and chemical properties of blanched cranberry
fruits. A detailed comparison allowed for a split of samples into homogenic groups. For this purpose,
Duncan test was used with confidence interval of 95% (significance level α = 0.05). Moreover,
all investigated variables were used to perform cluster analysis using Ward method as a criterion for
agglomeration and expressing the results using Euclidean distance. The analyses were carried out in
Statistica 2013 software.

3. Results and Discussion

3.1. Kinetics of Osmotic Dehydration

OD causes two different types of mass changes. The first one is linked with water removal from
dehydrated material towards solution with a higher osmotic potential. The second phenomenon
occurring simultaneously is impregnation of the osmotic substance into the processed material [36,37].
Along with the progress of the OD, the mass transfer is hindered, due to the equalization of chemical
potentials between material and solution. The intensity of this phenomenon is described by OD
kinetics, by the means of water loss (WL) and soluble solid gain (SG) in osmodehydrated material
during the process [5].

During OD, an increase of WL was observed for both osmotic solutions—sucrose and sucrose
with the addition of steviol glycosides (Figures 1 and 2). In 61.5% of sucrose solution during the
whole dehydration process a decrease of the water content in cranberries was observed (Figure 1).
The WL was in the range of 0.35 kg H2O/kg (when sonication and reduced pressure treatment
were used—BL_20 us 10 v_s) to 0.38 kg H2O/kg (when vacuum treatment was repeated three
times—BL_3 × 10 v_s). The utilization of combined pretreatment significantly influenced the course
of OD. The highest WL after 72 h of OD was noted after combined pretreatment with blanching and
triplicate lowering of the pressure (BL_3 × 10 v_s). In turn, Nowacka et al. [32] reported that US
applied as a pretreatment before OD increases the WL during OD, irrespective of the osmotic solution.

The use of 30% of sucrose with the addition of steviol glycosides caused a loss of water, which after
72 h of the process ranged from 0.19 to 0.25 kg H2O/kg, depending on the combined treatment
used (Figure 2). The highest WL in the final stage of the OD was noted in the case of cranberry
fruits subjected to triple vacuum treatment before the OD process (BL_3 × 10 v_s + g) and to
only blanching (BL_s + g). However, in the case of combined methods in which US was used
(BL_10 v 20 us_s + g; BL_20 us 10 v_s + g) a statistically lower water loss after 72 h of the OD was
noted. Also, Sulistyawati et al. [38] noted statistically unchanged WL after reduced pressure treatment,
compared with classical OD. A reverse dependence was noted by Feng et al. [39] for garlic but
for a different osmotic solution—25% NaCl. The authors reported a significant increase in water
loss as a result of both single vacuum (VOD) and ultrasound pretreatments (UOD), as well as for
combined method—vacuum treatment with ultrasonic-assisted osmotic dehydration (VUOD) of
garlic. As they have shown, the impact of vacuum treatment was more noticeable than the effect
of sonication. However, when the combined method VUOD was used, the highest water loss was
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noted. Koubaa et al. [13] stated that US pretreatment accelerate the mass and heat transfer, which is
linked with a cavitation effect provoked by sonication. Goula et al. [40] also observed a higher WL
after US treatment before OD and US-assisted OD of potatoes in NaCl solution. Their findings and
the results obtained herein suggest that the impact of the treatment was connected with the utilized
osmotic solution.

Figure 1. Water loss (WL) and solid gain (SG) as a function of the osmotic dehydration time of different
treated cranberries in 61.5% sucrose solution. Different letter means significant difference by the Duncan
test (p < 0.05).

With the progressing of the OD process, the content of dry matter increases, which is related
to the penetration of substances from osmotic solution to material [36]. A solid gain (SG) after 72 h
of the process performed in 61.5% sucrose was in the range of 0.22 kg d.m./kg of cranberry for
BL_20 us 10 v_s to 0.27 kg d.m./kg of cranberry for BL_s (Figure 1). In turn, in the case of the osmotic
solution with a lower sugar content (s+ g) a lower solid gain was noted (Figure 2), which was connected
with a lower driving force of the OD [38]. Similarly, as in the case of 61.5% sucrose, when s + g
solution was used (Figure 2), the highest SG was observed for sample blanched before OD (BL_s + g),
which reached the value of 0.17 kg d.m./kg of cranberry. Simultaneously, the lowest solid gain after OD,
amounted to 0.13 kg d.m./kg of cranberry, and was characterized for material treated with US followed
by reduced pressure treatment (BL_20 us 10 v_s + g). Statistical analysis revealed significant changes in
SG as a result of both the time of OD and the type of different pretreatments. Contrary, Feng et al. [39]
noted an irrelevant increase of SG in garlic dehydrated in NaCl after vacuum and the majority of US
treatments [32]. Similar results were presented also in our study for cranberry pretreated by US and
dehydrated in different osmotic solutions. Allahdad et al. [41] concluded that the impact of US-assisted
OD of pomegranate arils on the SG was dependent on the applied US frequency. When the 40 kHz
was used the SG was significantly higher than in the case of both 21 kHz and material without US
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treatment. This suggests that the treatment type and the treatment parameters should be adjusted for
each material individually.

Figure 2. Water loss (WL) and solid gain (SG) as a function of the osmotic dehydration time of different
treated cranberries in 30% sucrose solution with 0.1% addition of steviol glycosides. Different letter
means significant difference by the Duncan test (p < 0.05).

3.2. Physical Properties—Dry Matter Content, Water Activity, Water Soluble Compounds, and Color

Depending on the variety, fresh cranberry fruits are characterized by a dry substance ranging
from 12.1% to 14.5%, and water-soluble compounds are from 7 to 9.4 ◦Bx [42]. In the case of blanched
fruits, similar results of water-soluble compounds (9.3 ± 0.2 ◦Bx) and dry matter content (14.6 ± 0.1%)
were observed (Table 2). However, the combined pretreatment, consisting of the application of reduced
pressure or combining reduced pressure with ultrasound conducted in an osmotic solution, caused a
significant increase in the dry matter and Brix index in all cases. The increase in these parameters was
related to the penetration of the components in the osmotic solution used during the pretreatment [36].
Pretreatment in a sucrose solution resulted in an increase in the dry matter content by 32.2% to 39.7%,
depending on the combination used, whereas in the solution with the addition of steviol glycosides by
10.3% to 13.7%, compared to blanched cranberries. For water soluble compounds, a greater increase of
brix index in cranberry fruits was observed while a higher concentration of sucrose solution was used.
Blanched fruits treated with ultrasound before or after the application of reduced pressure treatment in
sucrose solution (BL_20 us 10 v and BL_10 v 20 us_s) were characterized by the highest water-soluble
compounds of 15.9 ± 0.4 and 15.9 ± 0.5◦ Bx, respectively. The higher increase in the brix index in
the ultrasound-treated tissue could be related to the intensification of the OD process enhanced with
ultrasound waves [42] and with the changes of the plant tissue subjected to sonication [43]. However,
such changes were not noticed during the OD process in the solution with a lower sucrose content
with the addition of steviol glycosides.

After 72 h of OD process a significant increase in the dry matter content and Brix index was
observed, in the range from 28.9% to 45.9% and from 22.4 to 43.1 ◦Bx, respectively. The highest content
of these parameters after the OD process was found in the blanched material (BL_s_72 h), and then
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in the tissue subjected to reduced pressure treatment (BL_3 × 10 v_s_72 h). In the case of combined
pretreatment, the dry matter content was slightly lower and it was 45.2% for BL_10 v 20 us_s_72 h and
41.9% for BL_20 u s10 v_s_72 h. The similar effect, with lower values, was observed for cranberries
subjected to the OD process in sucrose solution with the addition of steviol glycosides, which was
linked to the lower driving force of the process [36].

Water activity is one of the key parameters determining the durability of food, affecting the
survival and growth of microorganisms, enzymatic reactions, and oxidation. Water activity for most
food products of plant origin is close to 1 [44]. For blanched and differently treated cranberries,
water activity was in the range from 0.934 to 0.966 (Table 1). After the OD process a significant decrease
in water activity for both solutions was noticed. In a solution with a higher concentration of sugar
(61.5%) the water activity was in the range of 0.862 (BL_3 × 10 v_s_72 h) to 0.896 (BL_20 us 10 v_s_72 h).
OD allowed reducing the water activity which limits only the growth of bacteria [44]. However,
in the case of OD in a 30% sucrose solution with the addition of steviol glycosides, a smaller decrease
was observed and the water activity reached a value from 0.914 (BL_3 × 10 v_s + g_72 h) to 0.919
(BL_20 us 10 v_s + g_72 h).

Table 2. Dry matter content, water activity, water soluble compounds, and color parameters in
different treated cranberries, different letters in columns means significant difference by the Duncan
test (p < 0.05).

Material
Dry Matter
Content [%]

Water Activity
[−]

Water Soluble
Compounds

[◦Bx]

Color Parameters

L * a * b *
Total Color Difference

ΔE

BL 14.6 ± 0.1a 0.952 ± 0.009 fg 9.3 ± 0.2 a 9.1 ± 0.7 a 51.8 ± 0.6 i 15.7 ± 0.7 bc −
After treatment

s solution

BL_3 × 10 v_s 19.3 ± 0.1 c 0.937 ± 0.006 de 14.5 ± 0.2 c 16.1 ± 0.8 h 40.7 ± 0.7 f 17.2 ± 0.6 efg 13.2 ± 0.8 c

BL_10 v 20 us_s 20.4 ± 0.1 c 0.950 ± 0.004 f 15.9 ± 0.5 d 21.1 ± 0.7 i 35.0 ± 0.6 cd 13.8 ± 0.7 a 20.8 ± 0.5 h

BL_20 us 10 v_s 19.3 ± 0.1 c 0.934 ± 0.005 e 15.9 ± 0.4 d 13.8 ± 1.3 d 35.5 ± 0.6 d 14.5 ± 0.8 a 17.1 ± 0.7 ef

s + g solution

BL_3 × 10 v_s + g 16.6 ± 0.1 b 0.952 ± 0.007 fg 11.8 ± 0.2 b 14.7 ± 0.4 e 43.0 ± 0.9 g 14.1 ± 0.4 a 10.7 ± 0.6 b

BL_10 v 20 us_s + g 16.3 ± 0.3 b 0.963 ± 0.003 g 11.9 ± 0.1 b 12.9 ± 0.8 c 46.5 ± 0.8 h 16.4 ± 0.7 bcd 6.6 ± 0.8 a

BL_20 us 10 v_s + g 16.1 ± 0.1 b 0.966 ± 0.002 fg 11.9 ± 0.1 b 11.0 ± 0.5 b 47.3 ± 0.7 h 18.6 ± 0.6 h 5.8 ± 0.6 a

After osmotic dehydration

s solution

BL_s_72 h 45.9 ± 0.6 h 0.898 ± 0.018 b 43.1 ± 0.4 g 14.8 ± 0.7 e 34.2 ± 0.9 bc 16.7 ± 0.8 cde 18.6 ± 0.8 g

BL_3 × 10 v_s_72 h 45.2 ± 0.8 h 0.862 ± 0.014 a 42.5 ± 0.5 g 16.2 ± 0.5 h 34.0 ± 0.8 b 17.7 ± 0.7 g 19.3 ± 0.7 g

BL_10 v 20 us_s_72 h 43.1 ± 0.7 g 0.895 ± 0.002 b 36.1 ± 0.8 h 15.6 ± 0.7 fgh 31.9 ± 1.1 a 16.4 ± 0.5 bcd 21.0 ± 1.0 h

BL_20 u s10 v_s_72 h 41.9 ± 0.7 g 0.896 ± 0.009 b 36.1 ± 0.4 h 15.4 ± 1.1 ef 31.8 ± 0.8 a 15.9 ± 1.0 bc 21.0 ± 0.7 h

s + g solution

BL_s + g_72 h 34.2 ± 1.1 f 0.916 ± 0.009 c 22.4 ± 0.2 e 12.9 ± 0.7 c 37.5 ± 1.0 e 15.6 ± 0.9 b 14.9 ± 0.9 d

BL_3 × 10 v_s + g_72 h 32.9 ± 0.9 f 0.914 ± 0.004 c 26.5 ± 0.8 g 16.1 ± 0.1 gh 37.3 ± 2.9 e 15.6 ± 2.3 b 16.3 ± 2.6 e

BL_10 v 20 us_s + g_72 h 28.9 ± 1.0 d 0.928 ± 0.005 d 23.0 ± 1.5 e 15.9 ± 0.3 fgh 35.7 ± 0.5 d 17.5 ± 0.3 fg 17.6 ± 0.8 f

BL_20 us 10 v_s + g_72 h 31.0 ± 0.9 e 0.919 ± 0.005 c 25.6 ± 0.9 f 15.4 ± 0.2 efg 34.0 ± 0.9 b 16.6 ± 1.6 cde 19.0 ± 0.5 g

Color is one of the most important features of the product, which consumers pay special attention
to [35]. Cranberry is characterized by a red color, which changes during processing [33]. The blanched
fruits were characterized by L*, a*, and b* parameters equal to 9.1, 51.8, and 15.7, respectively. The color
changes were not unambiguous (Table 1). The use of reduced pressure treatment and combined
treatment with US, and lowered pressure resulted in a significant increase in lightness (L*) and a
decrease in the share of red color (a*), compared to the only blanched sample. OD processing caused
further lightening and lower value of a* parameter, which is related to mass transfer form tissue
to the surrounding solution. What is worth mentioning is that higher changes were observed for
combined treatment, which could be linked to the acceleration of OD processes by the application of
reduced pressure treatment and US [13,35]. Moreover, a significant increase in the total color difference
ΔE was found with the value higher than five, which confirms that the treatment performed had a
significant effect on the overall change in the color of the product. However, higher changes were
noted for the samples processed in 61.5% sucrose solution, probably due to the higher driving force
of OD process. The changes of color of OD fruits pretreated by blanching and blanching combined
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with reduced pressure in comparison to intact, blanched material are also related to higher sugar
concentration. The presence of sugar affects the light reflection and thus changes the lightness, redness,
and the yellowness of the material. Moreover, as described and discussed further, dehydrated samples
contained less of the pigment compounds such as anthocyanins or flavonoids, which explains the
smaller values of a* parameter when compared to the reference (BL) material. The sequence of
application of reduced pressure treatment and ultrasound did not play a significant role in shaping the
color of fruits after OD.

3.3. Bioactive Compounds

Cranberries contain a lot of different bioactive compounds [21]. Figure 3 presents the total
phenolic content of cranberry fruits subjected to different pretreatment before and after OD. The highest
total phenolic content (5241 ± 179 mg/100g d.m.) was stated for blanched samples. Combination of
blanching with other pretreatment methods like reduced pressure treatment or sonication led to a
decrease of phenolic compounds in comparison to the blanched material. In general, processing
performed with 61.5% sucrose solution lead to smaller phenolic content of cranberries in comparison
to fruits processed in a ternary solution composed of sucrose and steviol glycosides. Such situations
are associated with higher leakage of polar phenolics to the surroundings during treatment in a more
concentrated solution. The difference in phenolic content between samples processed with concentrated
sucrose and ternary solution varied from 22.7% to 39.2% for material coded as BL_3 × 10 v_s and
BL_20 us 10 v_s, respectively. The introduction of additional processing steps like reduced pressure
treatment and sonication contributed to a significant reduction of phenolics in investigated fruits in
comparison to less complicated operations. One of the possible explanations of such behavior is related
to a sonoporation phenomenon which increases cell membrane permeability [45]. On the one hand,
the sonoporation leads to degradation of the cellular structure and thus it may enhance the extractability
of bioactive compounds. On the other hand, it implies improved mass transfer between fruits and
osmotic medium which can positively impact on water loss but negatively influence to the phenolic
phase promoting its leaching. Another explanation of smaller phenolic content of samples subjected to
treatment with sonication is associated with the free radical formation during US application which
can lead to degradation of antioxidants [46,47]. The impact of ultrasound on enzymatic activity is
ambiguous and the effect of US on enzymes seems to depend on the matrix, treatment parameters,
and type of the enzyme alike [48,49]. For instance, it has been reported that the combination of
ascorbic acid with ultrasound was successful in the inactivation of polyphenoloxidase and peroxidase,
whereas individual application of ascorbic acid and sonication did not give the desired inactivation
of abovementioned enzymes in apples [50]. In turn, ultrasound treatment of diluted avocado puree
increased activity of polyphenols oxidase by 180% depending on treatment [51]. Based on the results
presented in the current study it can be stated that ruptured cellular structure and liberated chemicals
were more susceptible for enzymatic degradation as the activity of enzymes was modified by sonication.
This explanation is also supported by the fact that the phenolics content of fruits subjected only to
blanching and reduced pressure treatment before OD was lower when compared to samples treated
by a combination of blanching, vacuum treatment, and sonication. It is, furthermore, reported that
ultrasounds can provoke conformation changes of enzymes, lead to dissociation of enzyme aggregates,
promote collisions between substrate-enzyme, or activate latent enzymes of the tissue [49]. However,
when ultrasound was used as treatment for 30 min for blanched cranberries it resulted in higher total
phenolic content [52] than when combined methods with reduced pressure were used. OD for 72 h
led to a further decrease of phenolics. Combined treatment in most cases did not cause significant
differences in comparison to blanched osmodehydrated samples. Only fruits subjected to reduced
pressure combined with sonication and dehydrated in 61.5% sucrose solution exhibited significantly
higher phenolic content (1802 mg GAE/100 g d.m.) in comparison to the blanched material processed
in the same osmotic medium (1465 mg GAE/100 g d.m.).
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Figure 3. Total phenolic content in different treated cranberries: Blanched (BL), reduced pressure
(BL_3 × 10 v), reduced pressure with sonication treatment (BL_10 v 20 us), sonication treatment with
reduced pressure (BL_20 us 10 v), and after osmotic dehydration (OD) in 61.5% sucrose solution (s) and
in 30% sucrose solution with 0.1% addition of steviol glycosides (s+ g). Different lowercase letters means
significant difference by the Duncan test (p < 0.05) for samples after treatment, and different capital letter
means significant difference by the Duncan test (p < 0.05) for samples after 72 h osmotic dehydration.

Flavonoids content of investigated cranberries ranged from 30.0 to 45.8 mg/g d.m. and from 10.5 to
16.7 mg/g d.m. before and after 72 h of OD, respectively (Figure 4). The highest flavonoids content was
stated for blanched samples before OD. The use of combined treatment decreased flavonoids content
from 16% to 35% in the case of samples treated by sonication combined with reduced pressure in
61.5% sucrose solution (BL_20 us_10 v_s) and by reduced pressure treatment combined with sonication
in 30% sucrose solution with addition of steviol glycosides (BL_10 v_20_us_s + g). As in the case
of phenolic compounds, OD for 72 h significantly decreased flavonoids content regardless of the
treatment protocol. In general, samples osmodehydrated in ternary solution (s + g) were characterized
by higher flavonoids content than the samples processed in 61.5% sucrose solution (s). For instance,
flavonoids content of fruits treated by reduced pressure followed by sonication in 30% sucrose solution
with the addition of steviol glycosides was 26.2% higher in comparison to the material processed
by the same method but in 61.5% sucrose solution. Such difference was most probably linked to
the worse mass transfer of less concentrated solution [53]. It is worth emphasizing that samples
subjected to sonication exhibited a higher concentration of flavonoids in comparison to the fruits
treated only by reduced pressure treatment. What is more, when sonication was preceded by reduced
pressure application, the retention of flavonoids was higher. Similar results were obtained for blanched
cranberries treated with ultrasound for 30 min in sucrose solution [52]. These results point out that the
effect of ultrasound on improvement of extractability is more pronounced when air in the extracellular
space is replaced by liquid. This explanation fits to the data reported by Liu et al. [54] who found out
that cavitation is enhanced in degassed water.

Figure 5 presents the anthocyanins content of fruits subjected to different treatments.
Samples before OD were characterized by higher anthocyanins content, which ranged from 638
to 985 mg c3g/100 g f.m. The use of combined treatment decreased anthocyanins content in comparison
to blanched material. Samples subjected to triple pressure reduction were characterized by significantly
higher concentration of anthocyanins in comparison to samples treated by reduced pressure and
sonication, regardless of the type of osmotic solution. However, longer sonication (30 min) of blanched
cranberries resulted in higher content of anthocyanins, as mentioned in our previous study [52]. What is
interesting is that after OD the trend was reversed, which indirectly confirms the ambiguous character
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of sonication either to improve extractability of bioactive compounds or to cause their degradation.
The utilization of 61.5% sucrose solution resulted in better anthocyanins preservation than the use of
low concentrated (30%) sucrose solution with the addition of steviol glycosides. These findings fall
into place with a protective role of sugar on anthocyanins stability due to the decreased water mobility
as demonstrated by Tsai et al. [55] and Watanabe et al. [56].

Figure 4. Flavonoids content in different treated cranberries: Blanched (BL), reduced pressure
(BL_3 × 10 v), reduced pressure with sonication treatment (BL_10 v 20 us), sonication treatment with
reduced pressure (BL_20 us 10 v), and after osmotic dehydration (OD) in 61.5% sucrose solution (s) and
in 30% sucrose solution with 0.1% addition of steviol glycosides (s+ g). Different lowercase letters means
significant difference by the Duncan test (p< 0.05) for samples after treatment, and different capital letters
means significant difference by the Duncan test (p < 0.05) for samples after 72 h osmotic dehydration.

Figure 5. Anthocyanins content in different treated cranberries: Blanched (BL), reduced pressure
(BL_3 × 10 v), reduced pressure with sonication treatment (BL_10 v 20 us), sonication treatment with
reduced pressure (BL_20 us 10 v), and after osmotic dehydration (OD) in 61.5% sucrose solution (s) and
in 30% sucrose solution with 0.1% addition of steviol glycosides (s+ g). Different lowercase letters means
significant difference by the Duncan test (p< 0.05) for samples after treatment, and different capital letters
means significant difference by the Duncan test (p < 0.05) for samples after 72 h osmotic dehydration.
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3.4. Cluster Analysis

Figures 6 and 7 present the results of cluster analysis performed on the basis of all investigated
variables for samples not subjected and subjected to OD, respectively. Samples before OD were divided
into three groups. The first cluster was composed of only blanched material, whereas second and third
group was built by samples subjected to treatment performed in ternary (30% of sucrose with the
addition of steviol glycosides) and 61.5% sucrose solution, respectively. Based on the cluster analysis
results it can be stated that samples subjected to dehydration in less concentrated solutions were more
similar to blanched material than samples processed in a concentrated sucrose solution. For materials
after dehydration, clusters were formed upon the type of osmotic medium as well. It means that
all fruits dehydrated in 61.5% sucrose solution formed one group while processing in 30% sucrose
solution with the addition of steviol glycosides resulted in formation of a separate group.

Figure 6. The results of cluster analysis (considering all analyzed variables) for samples not subjected
to osmotic dehydration (BL - blanched material).

Figure 7. The results of cluster analysis (considering all analyzed variables) for samples subjected to
osmotic dehydration.
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4. Conclusions

Unconventional pretreatment of cranberries caused a significant increase of osmotic dehydration
effectiveness, particularly in the case of a material dehydrated in 61.5% sucrose solution,
previously blanched, submitted to 20 min sonication, followed by low pressure application.

Cranberries subjected to combined treatment, in particular to ultrasounds, had comparable or
higher polyphenolic, anthocyanin and flavonoids content than a blanched tissue subjected to osmotic
dehydration. Taking into account evaluated physical and chemical properties of dehydrated cranberries
and the osmotic dehydration process it has been concluded that the best combined pretreatment
method was a 20 min sonication followed by a 10 min lowered pressure treatment. However, further
optimization studies are required.
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Abstract: The use of high pressure on fruits and vegetables is today widely studied as an alternative
to the traditional thermal preservation techniques, with the aim of better preserving nutritional
and organoleptic properties. The use of high hydrostatic pressures (400–600 MPa; 1–5 min; room
temperature) was tested on the physicochemical and structural properties of blueberries, in comparison
to raw and blanched samples. High hydrostatic pressures led to higher tissue damages than blanching,
related to the intensity of the treatment. The cellular damages resulted in leakage of intracellular
components, such as bioactive molecules and enzymes. As a consequence, among the high pressure
treatments, the resulting antioxidant activity was higher for samples treated for longer times (5 min).
Pectinmethyl esterase (PME), deactivated by blanching, but strongly barotolerant, was more active
in blueberries treated with the more intense high pressure conditions. Blueberry texture was
better retained after high pressure than blanching, probably because of the PME effect. Blueberry
color shifted towards purple tones after all of the treatments, which was more affected by blanching.
Principal component analysis revealed the mild impact of high pressure treatments on the organoleptic
properties of blueberries.

Keywords: high pressure; blanching; fruit; microscopy; pectin methyl esterase; texture; color;
antioxidant activity

1. Introduction

Blueberries are nowadays a very popular fruit because of their sensory and health related properties.
Blueberries, indeed, in addition to being appreciated for their color, flavor, texture, and juiciness, are
also a natural source of bioactive compounds. The so-called polyphenols, including anthocyanins, the
molecules responsible for blueberry color, are powerful antioxidants with recognized anti-inflammatory
and antihypertensive properties, in addition to being involved in many cell regulation pathways [1].

Blueberries are often consumed fresh, but untreated fruit show short storage life, usually due to
both microbial and enzymatic spoilage. The presence of enzymes such as peroxidase (POD), polyphenol
oxidase (PPO), lipoxygenase (LOX), and lipase may be responsible for color and flavor changes, while
pectin-methylesterase (PME) and polygalacturonase (PG) are involved in texture modifications [2].
The application of preservation processes, in order to guarantee consumer safety and extend shelf
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life, thus, became necessary. Blueberries are generally sold frozen, dehydrated, or heat treated. Such
treatments induce important modifications in the product quality. Traditional thermal preservation
methods, such as canning, make them susceptible to significant losses in their natural sensorial (i.e.,
aroma, flavor) and nutritional (bioactive compounds) properties [3]. Moreover, freezing and drying
have a huge effect on fruit structure and texture [4].

Retention of nutritional value and freshness of fruit and vegetables (F&V) is a major challenge
for the food industry. Novel processing technologies can address these issues. Among them, high
hydrostatic pressure (HHP) is an attractive technology, because of the use of low temperatures during
processing (i.e., room temperature), combined with high hydrostatic pressures (100–1000 MPa) and
short time (a few seconds or minutes). HHP belongs to the so-called “non-thermal technologies”, which
are capable of retaining low molecular weight food compounds (i.e., flavoring agents, pigments, and
vitamins) by not affecting covalent bonds [5,6]. Additionally, recent attention has been paid to the effects
of HHP on the color attributes of F&V, since HHP can increase the intensity of color characteristics
because of cell lysis and subsequent leakage of pigments [7]. The effect of high hydrostatic pressure
(HHP) on the improvement of the technological functionalities of polymers, such as proteins and
polysaccharides, has been recently studied [8,9]. Texture is an important quality attribute in F&V, and
indicates freshness from a consumer point-of-view. The structural integrity and texture of F&V is
attributed mainly to the primary cell wall, the middle lamella, and the turgor generated within cells by
osmosis [10]. The primary cell wall basic structure consists of a cellulose–hemicellulose network [11].
The firmness developed by these two polysaccharides is not affected by processing or storage; however,
pectin is affected by both enzymatic and non-enzymatic reactions. Pectin is the main constituent of the
middle lamella, and gives firmness and elasticity to tissues [12]. All of these positive results indicate
that HHP may be useful for retaining major structural quality characteristics of F&V.

Based on our knowledge, the application of HHP on whole blueberries has mainly been used to
investigate microbial inactivation [13] or biomolecule extraction [14]. No studies are available on the
effect of high hydrostatic pressure on the physicochemical and structural properties of whole blueberry
fruit. The aim of this study was to evaluate the related properties affecting blueberry structure,
color quality, and antioxidant capacity after HHP treatments in comparison with conventional
thermal processing.

2. Material and Methods

2.1. Sample Preparation

Blueberries (Vaccinium corymbosum, cv. Duke) were purchased from a local market (Parma,
Italy). After washing and draining, whole samples from the same batch and with similar dimensions
(10 ± 0.1 mm) were selected and used for the study.

2.2. Treatments

For each sample, six conditions were analyzed: Raw (R), Blanched (BL), and treated with high
hydrostatic pressure under four different conditions, as described later.

2.2.1. Blanching

Blueberries were blanched in a Combi-Steam SL (V-Zug, Zurich, Switzerland) oven, which
presented an internal volume of 0.032 m3, an air speed of 0.5 m s−1, and a steam injection rate of
0.03 kg min−1, at 95 ◦C for two min in accordance with Sablani et al. [15]. Nine samples were arranged
in a circle and one was placed at the center to ensure uniform heating conditions. The treatment was
conducted in triplicate.
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2.2.2. High Hydrostatic Pressure

The treatments were conducted in a 300 L high pressure plant (Avure Technologies Inc., Kent, WA,
USA), at the “HPP Italia” of Traversetolo (Italy). Ten blueberries were vacuum sealed inside flexible
(75 mm thickness) plastic pouches (Ultravac Solutions, Kansas City, MO, USA). Cold water (4 ◦C)
was used as pressure medium. HHP treatments were conducted at 400 and 600 MPa, both for 1 and
5 min; the samples were, thus, called 400-1, 400-5, 600-1, and 600-5. These conditions were chosen on
the basis of preliminary experiments performed on the same types of samples [16]. Treatments were
conducted at room temperature (20 ± 1 ◦C). Temperature increase due to compression was not higher
than 2–3 ◦C/100 MPa. Three pouches were processed and analyzed for each treatment condition.

2.3. Moisture Content

Moisture content was determined according to the Association of Official Agricultural Chemists
(AOAC) method [17] on both raw and treated samples. Almost 5 g of homogenized sample (as triplicate)
were dried in a convection oven (ISCO NSV 9035, ISCO, Milan, Italy) at 105 ◦C for at least 16 h until
constant weight was reached. The samples were stored at 4 ◦C and their moisture content was
determined one day after HHP and thermal treatments.

2.4. Histological Analysis

The samples were fixed in formalin, acetic acid, alcohol (FAA) solution (formalin: acetic acid:
60% ethanol solution, 2:1:17 v/v) [18]. After two weeks, they were dehydrated using increasingly
concentrated alcoholic solutions. The inclusion was made in a methacrylate resin (Technovit 7100,
Heraeus Kulzer and Co., Wehrheim, Germany) and the resulting blocks were sectioned with transversal
cuts at 3 μm thickness using a semithin Leitz 1512 microtome (Leitz, Wetzlar, Germany). The
sections were stained with Toluidine Blue (TBO) and with a solution containing FeSO4 for the tannin
analysis [18]. Four pieces of fruit were sampled for each treatment. Sections were observed with a
Leica DM 4000B optical microscope (Leica Imaging Systems Ltd., Wetzlar, Germany) equipped with a
Leica DMC 2900 digital camera (Leica Imaging Systems Ltd., Wetzlar, Germany). The tissues were
measured using an image analysis system (LAS v4.10.0, Leica Application Suite, Wetzlar, Germany).
The microscopic observations were carried out by observing at least ten slides carrying ten sections
each, for each specimen. The image analyses were carried out using a manual configuration of the
image analysis system.

2.5. DPPH Free Radical Scavenging Activity Test

Antioxidant molecules were extracted from 1 g of ground sample, using 5 mL of a methanol/water
(70:30 v/v) solution, kept under motion for 60 min at room temperature, and then paper filtered. The
solvent was evaporated, and the extract was then dissolved in 10 mL of methanol, thus centrifuged
at 5040× g for 15 min at 4 ◦C. Analyses were performed in triplicate mixing 100 μL of surnatant and
1 mL of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) methanolic solution (0.2 mm), bringing the mix to
a final volume of 2.4 mL with methanol. The absorbance of the solution was recorded at 517 nm
by a Perkin Elmer UV-Visible spectrophotometer after an incubation time of 30 min in the dark at
room temperature. Blank was prepared and analyzed following the same procedure, using 100 μL of
methanol instead of sample. The radical scavenging activity was calculated as follows:

I% = ((Abs0 − Abs1)/Abs0) × 100, (1)

where Abs0 was the absorbance of the blank and Abs1 was the absorbance of the sample. The Trolox
Equivalent Antioxidant Capacity value (TEAC) expressed as μmol Trolox equivalents/gram of dry
weight (μmol TE/g of dw) of the samples was calculated from the calibration curve obtained by
measuring the absorbance at 517 nm of Trolox methanolic solutions at different concentrations. Three
replicates were analyzed for each treatment condition.
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2.6. Pectin Methylesterase (PME) Activity

The enzyme extraction and the determination of its activity were conducted according to the method
of Vicente et al. [19]. Five grams of sample were ground with 15 mL of 1 M NaCl (1:3, w/v) containing
1% (w/v) of polyvinylpolypyrrolidone (PVPP). The suspension obtained was stirred for 4 h and then
centrifuged at 10,000× g for 30 min. The supernatant was collected, adjusted to pH 7.5 with 1 N NaOH,
and used for assaying the enzyme activity. The activity was assayed in a mixture containing 600 μL of
0.5% (w/v) pectin, 150 μL of 0.01% bromothymol blue pH 7.5, 100 μL of water pH 7.5, and 150 μL of
enzymatic extract. PME activity results in a progressive discoloration of the blue solution. The reduction
of the absorbance at 620 nm was measured every 15 s for two minutes. The PME activity was calculated
using the slope of a linear segment absorbance-time [20]. Percentage variations were calculated in
comparison to the raw sample. Three replicates were analyzed for each treatment condition.

2.7. Texture Analysis

The texture of raw and treated samples was analyzed using a TA.XT2i Texture Analyzer equipped
with a 25 kg load cell (Stable Micro Systems, Godalming, UK), a force resolution equal to 0.01 N, and
an accuracy value of 0.025%. Puncture test (trigger force 0.05 N) was performed using a 2 mm diameter
stainless steel needle probe, driven up in a radial direction to the center of the samples at a speed of
1 mm s−1, following the method proposed by Paciulli et al. [21].

The following parameters were determined from the force vs. time curves: first peak force (FP1

given in N), which indicates the resistance opposed by external cell layers to needle penetration [21];
maximum puncture force (Fmax given in N), which indicates the resistance opposed by the pulp to
needle penetration; and Area under the force/time curve (Area given in N*s), which represents the total
work carried out by the needle probe to penetrate the sample. The parameters were quantified using
the application software provided (Texture Exponent for Windows, version 6.1 10.0). Ten blueberries
units were analyzed for each treatment.

2.8. Color

Color determination was carried out using a Minolta Colorimeter (CM2600d, Minolta Co., Osaka,
Japan) equipped with a standard illuminant D65, which simulates natural noon daylight in order to
mimic the vision of the human eye. The measurement was performed on two opposite points on
the blueberries epidermis. The instrument was calibrated before each analysis with white and black
standard tiles. L* (lightness; black = 0,white = 100), a* (redness > 0, greenness < 0), b* (yellowness > 0,
blue < 0), C (chroma, 0 at the centre of the color sphere), and h◦ (hue angle, red = 0◦, yellow = 90◦,
green = 180◦, blue = 270◦) were quantified on each fruit using a 10◦ position of the standard observer
(Commission Internationale de l’eclairage), [22]). The ΔE for all the treated samples in comparison to
the raw vegetables was also calculated. 10 determinations were performed for each treatment.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) among all the different treated samples and two
way-ANOVA among the HHP treated samples, using pressure and time as independent variables,
were performed using Statistical Package for Social Science (SPSS) software (Version 25.0, SPSS Inc.,
Chicago, IL, USA). A Least Significant Difference (LSD) post-hoc test at a 95% confidence level (p ≤ 0.05)
was performed to further identify differences among treatments.

Pearson correlation coefficients were calculated among all variables considering 95% and 99%
confidence levels (p < 0.05 and p < 0.01).

Principal component analysis (PCA) was performed using the normalized variables, as reported
by Medina Meza et al. [23]. Before running PCA, factor analysis (FA) was applied to exclude the
variables that showed low contribution to explain the variance. FA was carried out on 10 independent
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variables and only parameters with factor loadings higher than 0.70 were used for PCA, plotting them
versus all cases (samples).

3. Results and Discussion

3.1. Histological Analysis

Raw blueberries fruits showed an epidermis composed of a single layer of cells (Figure 1A),
with abundant tannin inclusions (Figure 1B). The subdermis, located immediately under the skin,
was composed of 2 or 3 layers of cells, and showed multiple solid tannin inclusions (Figure 1B).
The epidermis and subdermis exhibited thickened cell walls. These layers contain the pigments.
Mesocarp, composed of parenchymatic cells, showed thin layers and large vacuoles (Figure 1A). From
the observation of the transversal section stained with Tannin Solution, the presence of tannins was
perceived mainly in the epidermis and subdermis (Figure 1B). In these cellular layers, tannins were
solid and crystalline, while in the mesocarp parenchymatic tissue, tannins appeared as single inclusions
or “crystalline powder”. Zifkin and collaborators [24], in a study on blueberries, revealed that flavonols
(condensed tannins) are among the major antioxidant compounds in epidermis and subdermis.

 

Figure 1. Transverse sections of blueberries samples: (A) raw or uncooked stained with Toluidine Blue
(TBO); (B) raw or uncooked stained with tannin solution; (C) blanched stained with Toluidine Blue
(TBO). Legend: e = epidermis; t = tannins; cs = cell separation; d = dehydration.
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After blanching, blueberry microstructure did not show clear alterations in comparison to raw
samples. Subdermis cells showed swollen cell walls due to the absorption of intra or extracellular water;
this effect is called gelatinization. The major variations of blueberry tissues after blanching treatment
were: cellular dehydration, cell wall gelatinization, and cell separation. Mesocarp cells, after thermal
treatment, showed dehydration symptoms, with the detachment of the cellular membrane from the wall.
In Figure 1C, it is also possible to observe cell separation with formation of large intracellular spaces
between parenchymatic cells. The same observations were previously reported by Fuchigami et al. [25]
in a study on carrots subjected to slight cooking, and by Paciulli and collaborators [21] in a study
on blanched asparagus. As confirmed by several authors [21,26–28], cell separation is due to the
breakage of chemical bonds between the pectic components of the middle lamellae of adjacent
cells or to hydrolysis of some other components of the cell wall, such as pectin, hemicellulose, and
cellulose. Compared to raw samples, tannins showed shape mild alteration and apparently a higher
concentration. These compounds were visible in the epidermis, subdermis, mesocarp, and near the
seeds. The blanching treatment seemed to induce leaking of tannins from cellular walls. Zaupa and
coworkers [29] observed the same effect in different rice cultivars, where total antioxidant activity of
samples increased after thermal treatments.

The high pressure treatment at 400 MPa for 1 min (400-1) induced separation of the external cells
layers (epidermis and few layers of mesocarp). Cells seemed to be deformed by the appearance of air
bubbles, and as a consequence, elliptical or circular lacunas are shown (Figure 2A). The same effects
were previously observed by Prestamo and Arroyo [30] in a study on spinach and broccoli exposed to
high pressures. Similarly to our observations, Tangwongchai et al. [31] observed the formation of large
cavities in tissues of cherry tomatoes treated by high pressures of between 200 and 400 MPa. These
authors hypothesized that during depressurization, the previously compressed air expanded rapidly,
aggregating into larger bubbles, which caused the formation of cavities. Moreover, in our experimental
conditions, mesocarp cells appeared dehydrated with gelatinized walls; in some cases, cells separation
and cell wall breakage are also shown (Figure 2A).

The use of Tannin Solution staining on blueberry sections highlighted the presence of high
quantities of tannins mainly in the epidermis and mesocarp (Figure 2B). The literature does not explain
the increase of tannins in blueberries after high pressure treatments, but it is clear that the exposition of
berries to high pressures increases the extraction of these antioxidant compounds. Serment-Moreno
and collaborators [10], in their review, observed that the major role in the variation of polyphenol
content after 200–600 MPa treatment is their release after disruption of cellular membranes and possible
degradation due to their high susceptibility to oxidation and enzymatic reactions, however, details of
the specific reaction taking place still remain unknown.

In Figure 2C the microstructure of blueberries treated at 400 MPa for 5 min (400-5) is shown. The
tissue appeared disorganized and composed by shapeless cells that have lost their turgidity and, in
comparison to the shorter treatment (400-1), more intercellular spaces were observed. Mesocarp resulted
collapsed with formation of circular and elliptic cavities from the subdermis to the inner parenchyma
(Figure 2C), probably due to the effect of the air bubbles aggregation during depressurization [31].
Cavities resulted larger if compared to the ones found in 400-1 (Figure 2A). Moreover, epidermis,
subdermis and the firsts layer of mesocarp resulted detached; cell walls appeared thickened (gelatinized)
all over the microstructure and the entire tissue showed considerable damages. Tannins solution stain
highlights the presence of large amount of tannins that cover the entire structure (Figure 2D).

Blueberries treated at 600 MPa for 1 min (600-1) reflected the observations done for 400-1. The
degree of parenchyma gelatinization, the dehydration of the external mesocarp tissues, as well as the
presence of tannins, resulted comparable for 400-1 and 600-1(Figure 2E).

After the treatment at 600 MPa for 5 min, blueberry tissues revealed evident damages, especially
near the epidermis, where deep cavities, dehydration and gelatinization are present (Figure 2F). This
treatment showed effects on the final product similar to those observed for HHP 400-5. Also tannins,
as seen for 400-5, resulted distributed in all the structure.
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Figure 2. Transverse sections of blueberries samples treated using HHP technology: (A) 400-1 stained
with Toluidine Blue (TBO); (B) 400-1 stained with tannin solution; (C) 400-5 stained with Toluidine Blue
(TBO); (D) 400-5 stained with tannin solution; (E) 600-1 stained with Toluidine Blue (TBO); (F) 600-5
stained with Toluidine Blue (TBO). Abbreviations: l = lacuna; sw = swelling; t = tannins.

Blanching and high pressures caused changes in the cellular structure of blueberries under the
effect of different phenomena: chemical and mechanical, respectively. Indeed, while blanching mainly
led to hydrolysis of pectin chemical bonds, causing cell separation, high pressures brought to localized
air bubbles explosions, breaking groups of cells. Blanching appeared thus less invasive than high
pressure, although it involves widespread changes in the entire structure. On the other hand high
pressures treatments, despite their strength, provoked localized damages. The extent of the cellular
damages due to high pressures resulted more influenced by treatment time than pressure intensity.
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3.2. Antioxidant Activity (DPPH)

In Table 1 are reported the values of blueberries antioxidant activity measured by DPPH assay.
According to Zifkin et al. [24], the molecules responsible for antioxidant activity in blueberries are
flavonols (condensed tannins), proantocyanidins and anthocyanins in epidermis and subdermis,
anthocyanins in mesocarp, flavanols in placenta. These molecules act as radical scavengers [32].

Table 1. Water content, antioxidant activity and residual PME activity of raw and treated blueberries †.

R BL 400-1 400-5 600-1 600-5 P t P × t

DPPH (TE
μmol/gdw) 103.4 ± 18.6 a 79.1 ± 5.1 ab 67.8 ± 6.5 b C 79.0 ± 4.1 ab AB 75.5 ± 7.5 b B 84.9 ± 2.1 ab A n.s. * n.s.

PME (%) 100 a 9.1 ± 2.14 c 64.8 ± 3.7 b C 95.7 ± 5.2 a A 83.5 ± 9.0 ab B 87.2 ± 14.2 a AB n.s. * *

Water
content (%) 90.7 ± 1.9 a 88.4 ± 0.3 a 87.0 ± 0.8 a C 88.0 ± 0.7 a B 88.2 ± 1.1 a B 89.2 ± 0.2 a A * * n.s

† Data are expressed as means ± standard deviations of 3 samples. Means in row followed by different lowercase
letters are significantly different according to the post-hoc analysis after one-way analysis of variance (ANOVA)
(p ≤ 0.05). Means in row, of high pressure treated samples, followed by different uppercase letters are significantly
different according to post-hoc comparisons after two-way ANOVA (p ≤ 0.05), performed considering pressure
(P) and time (t) as independent variables. The p values were corrected for multiple comparisons use LSD method.
Abbreviations: R = raw/untreated; BL = blanched; 400-1 = HHP at 400 MPa for 1 min; 400-5 = HHP at 400 MPa for
5 min; 600-1 = HHP at 600 MPa for 1 min; 600-5 = HHP at 600 MPa for 5 min; TE = Trolox equivalent; PME = pectin
methylesterase; n.s. = not significant (p ≥ 0.05); * = significant (p ≤ 0.05).

Raw samples showed values of about 105 μmolTE/gdw; this value is in line with the results of
Lohachoompol et al. [32], with slight differences attributable to the different blueberries varieties.

All the treatments affected blueberries antioxidant activity in comparison to raw samples.
Blanching decreased it slightly, despite tannins, resulted better extracted from the cell walls (Par.3.1).
Brownmiller et al. [3] registered a decrease of the total antioxidant activity after blueberries blanching,
despite they didn’t observe any anthocyanins reduction, probably because of other antioxidant
molecules losses. Conversely, Rossi et al. [33] observed higher antioxidant activity in blueberries juice
after fruits blanching, probably because of the rapid polyphenoloxidase inactivation and/or increase in
extraction yield, due to heat induced skin permeability [34].

The high pressure treated samples showed behaviors similar to the blanched ones (Table 1). On
the other hand, in comparison to R, 400-1 and 600-1 showed a significantly lower antioxidant activity,
with losses of around 34 and 27%, respectively. 600-5 resulted instead the less impacting treatment
with around 82% retention of the total activity. Two-way ANOVA, conducted among the HHP
treated samples, revealed a time-dependent behavior: the longer the time, the higher the antioxidant
activity. The retention of the antioxidant activity with the increase of the pressure holding time may be
explained as a better extraction of the bioactive molecules from the broken cells, as suggested by other
authors [20] and confirmed by the histological observations (Figure 2). Moreover it’s known that the
total antioxidant activity in blueberries is due to several classes of molecules, differently distributed
among the tissues [24], that can thus be extracted under different conditions. The highest loss of
antioxidant activity registered for 400-1 and 600-1 may be also attributable to the poor inactivation of
PPO and POD, the main enzymes responsible for phenol decay [35].

3.3. Pectin Methylesterase (PME) Activity

Pectin methyl esterase (PME) is the enzyme responsible for the demethylesterification of plant
cell walls pectin. This enzyme, in combination with polygalacturonase, affects texture of fruit and
vegetables during postharvest storage [35].

In Table 1, the blueberry PME activity is reported as percentage variation in comparison to the
raw sample. Among treatments, blanching, with a residual activity of 10%, was the most effective on
PME inactivation, because of the protein thermal denaturation [36]. On the other hand, high pressure
treatments had lower effect on PME inactivation. HHP400-1, leading to a residual PME activity of
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around 65%, resulted the most effective high-pressure treatment. The high PME baro-resistance is
reported for many fruit and vegetables [37]. It has been shown that, among many studied products,
tomato PME is the most pressure-resistant, even being inactivated at ambient conditions up to
800 MPa [37]. The two-way ANOVA, performed among the four HHP treatments, revealed a time
dependence for blueberry PME inactivation by high pressure—the higher the pressure holding time,
the lower the inactivation. Similarly, Paciulli et al. [20] reported increased enzymatic activity for longer
pressure exposure times on beetroot slices. These authors explained this phenomenon with enzymes
leaking from the broken cells, which leading to easier contact with the substrates, results in higher
activities. This hypothesis follows the same trend of the antioxidant activity and is supported by
the histological observations that show 400-5 and 600-5 as the most damaged tissues (Figure 2C–F).
Phenomena of enzyme activation, under the effect of high pressure, due to conformational changes
have also been reported [38]. A significant interaction of time and pressure was also revealed by the
two-way ANOVA; indeed, 400-5 showed almost no effect on PME. In contrast, in a study on two
different varieties of pumpkin, Paciulli et al. [39] reported high-pressure treatment at 400 MPa for
5 min as the most effective against PME, with a residual activity of 20–25%; this demonstrates that the
PME barotolerance is specie dependent.

3.4. Texture

Figure 3 reports the texture analysis profiles of blueberries in all the studied conditions, obtained
by puncture test. In the same figure, the parameters Fp1, Fmax, and Area are shown, and their values
summarized in Table 2. The absence of significant differences in water content (Table 1) between raw
and treated samples indicates that the observed texture differences were not related to the cellular
turgidity, but they strictly depend on the tissues structure, as modified by the treatments.

 
Figure 3. Texture analysis profiles of raw and treated blueberries obtained by puncture test.
Abbreviations: R = raw or untreated; BL = blanched; 400-1 =HHP at 400 MPa for 1 min; 400-5 =HHP at
400 MPa for 5 min; 600-1=HHP at 600 MPa for 1 min; 600-5=HHP at 600 MPa for 5 min; FP1 =maximum
force first peak; Fmax = absolute maximum force; Area = area under the force/time curve.
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Table 2. Texture parameters † for raw and treated blueberries.

Samples FP1 (N) Fmax (N) Area (N*s)

R 0.30 ± 0.03 a 0.32 ± 0.06 a 0.79± 0.14 a

BL 0.19 ± 0.03 c 0.10 ± 0.03 b 0.22 ± 0.03 c

400-1 0.22 ± 0.04 bc AB 0.10 ± 0.03 b B 0.26 ± 0.04 bc B

400-5 0.20 ± 0.04 bc B 0.10 ± 0.03 b B 0.28 ± 0.06 bc B

600-1 0.20 ± 0.04 bc B 0.10 ± 0.03 b B 0.27 ± 0.05 bc B

600-5 0.25 ± 0.05 ab A 0.14 ± 0.04 b A 0.36 ± 0.08 b A

P t P × t P t P × t P t P × t
n.s. n.s. * n.s. n.s. n.s. n.s. * n.s.

Note: † Data are expressed as means ± standard deviations of 10 samples. Means in columns followed by different
lowercase letters are significantly different according to the post-hoc analysis after one-way analysis of variance
(ANOVA) (p ≤ 0.05). Means in columns of high-pressure treated samples followed by different uppercase letters are
significantly different according to post-hoc comparisons after two-way ANOVA (p ≤ 0.05), performed considering
pressure (P) and time (t) as independent variables. The p values were corrected for multiple comparisons use LSD
method. Abbreviations: R = raw/untreated; BL = blanched; 400-1 = HHP at 400 MPa for 1 min; 400-5 = HHP at
400 MPa for 5 min; 600-1 =HHP at 600 MPa for 1 min; 600-5 =HHP at 600 MPa for 5 min; FP1 =maximum force
first peak; Fmax = absolute maximum force; Area = area under the force/time curve; n.s. = not significant (p ≥ 0.05);
* = significant (p ≤ 0.05).

The first peak force (Fp1) was generated in blueberries by epidermal and subdermal cells,
characterized by cutinization and thickened cell walls (Figure 1A, Section 3.1). It is visible how
untreated blueberries showed the highest FP1 (~0.30 N) among all samples. Blanching led to the
highest FP1 drop among all treatments. This phenomenon, already reported for other blanched
vegetables [21], may be ascribable to the external cell wall swelling (Figure 1C, Par.3.1) and pectin
thermal degradation, with consequent softening. HHP treated samples showed Fp1 values significantly
lower than R, with the exception of 600-5, which showed values of Fp1 around 0.25 N, slightly higher
than BL. Fp1 reduction under high pressure can be justified by the detachment of the epidermis,
subdermis, and first mesocarp layers, as well as cell wall swelling, as observed from the histological
analysis (Figure 2). The two-way ANOVA performed among the high-pressure treated samples (Table 1)
showed a synergistic effect of pressure and time on Fp1. Texture recovery during pressure holding time
was already reported by other authors [20,40] and associated to the insufficient inactivation of PME,
whose reaction product is the low-methoxy pectin, that forms a gel-networkwith divalent ions such as
Ca and Mg, contributing to the enhanced hardness value. This hypothesis, more evident at 600 MPa, is
supported by the PME activity results (Table 1). At 400 MPa, the effect of the tissue damage prevails.

Comparing Fmax with Fp1 (Table 2), it is visible how, after treatments, Fp1 was almost 50%
higher than Fmax, indicating that the skin had the major effect on blueberries mechanical properties.
Moreover, Fmax of all the treated samples was significantly lower than the raw ones (Table 2); this
phenomenon may be justified by an easier penetration of the needle probe across the dehydrated and
gelled parenchyma of the blanched (Figure 1C, Section 3.1) and HHP treated blueberries (Figure 2,
Par.3.1). Among the HHP treated samples, 600-5 was significantly firmer than the others. Texture
recovery after prolonged exposures to high pressure has already been reported [40]. This phenomenon,
as discussed for Fp1, can be justified with the high PME activity.

Area values comprise both the effect of skin and pulp penetration. It has been confirmed that
all of the treatments were detrimental for blueberry texture, showing significantly lower Area values
in comparison to the untreated samples. Despite BL samples showing the lowest values among all
samples (~0.22 N*s), only 600-5 (~0.36 N*s) was significantly higher than BL. The two-way ANOVA
confirmed a time dependence of the Area values under the effect of pressure—the higher the exposure
time, the higher the Area values. This phenomenon, already reported in previous studies, was justified
either with tissue recovery during the holding time [41], or with the still high PME activity [42].
Confirming the last hypothesis, a positive correlation was found between Area values and PME
(R = 0.498; p < 0.05); with increasing PME activity, the firmness of blueberries increased.
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3.5. Color

The bluish blueberry skin color is affected by anthocyanin content, as well as by the presence
of surface waxes [43]. L*, a*, and b* values, measured on raw samples (Table 3), are in line with
data already reported for different varieties of blueberries [43]. After blanching, blueberries were
slightly darker than the raw samples, with lower L* values (Table 3); this may be related to melting of
blueberries’ cutaneous wax [44]. At the same time, a* and b* increase, indicating enhancement of the
perceived red and blue colors. The slight increase of the color intensity C may be instead ascribed to
alterations of the surface reflecting properties. Similarly, Mazzeo et al. [45] found an enhancement of
the asparagus, green bean, and zucchini green color after blanching; they associated it to a change of the
color perception due to the air replacement with water and cell juices. The shift of h◦ from about 270 to
350 degrees confirms the shift to a red-purple color. According to ΔE values, blanching was the more
affecting treatment. According to previous studies, thermal treatments are more detrimental than high
pressure on the anthocyanin content of fruits, with consequent higher color changes [46]. Focusing
on the HHP samples, while a* behaved similar to the blanched samples, L*, b*, and consequently C
were influenced by the time/pressure interaction. Among the HHP treatments, HHP600-1 was the
most affecting treatment, leading to brighter and more intense blue tones, as also confirmed by the
shift of h◦ to values around 300 degrees. On the other hand, HHP600-5 was the least affecting HHP
treatment; this may be due to better anthocyanins extraction [46], associated in our study with the high
antioxidant activity of these samples.

Table 3. Color parameters for raw and treated blueberries †.

L* a* b* C h◦ ΔE

R 31.50 ± 2.00 ab 0.08 ± 0.02 b −1.66 ± 0.53 ab 1.66 ± 0.53 c 272.72 ± 1.94 c -
BL 28.30 ± 3.96 b 2.67 ± 0.98 a −0.41 ± 0.18 a 2.72 ± 0.95 bc 349.49 ± 7.50 a 5.64 ± 1.10 a

400-1 30.15 ± 3.46 ab B 2.52 ± 0.96 a A −1.74 ± 1.08 ab A 3.19 ± 1.08 ab B 326.41 ± 18.48 a A 4.18 ± 1.66 abc AB

400-5 31.05 ± 2.79 ab B 2.01 ± 1.07 a A −2.37 ± 1.50 bc A 3.42 ± 1.02 ab B 312.02 ± 24.83 ab AB 3.56 ± 1.23 bc B

600-1 34.80 ± 1.69 a A 2.30 ± 0.47 a A −3.61 ± 1.04 c B 4.43 ± 0.53 a A 304.62 ± 14.43 b B 4.72 ± 1.01 ab A
600-5 30.86 ± 1.44 ab B 2.06 ± 0.80 a A −1.95 ± 0.73 bc A 2.93 ± 0.73 b B 317.06 ± 16.23 ab AB 2.60 ± 0.73 c C

P t P × t P t P × t P t P × t P t P × t P t P × t P t P × t
n.s. n.s. * n.s. n.s. n.s. n.s. n.s. * n.s. n.s. * n.s. n.s. n.s. n.s * n.s.

Note: † Data are expressed as means ± standard deviations of 10 samples. Means in columns followed by different
lowercase letters are significantly different according to the post-hoc analysis after one-way analysis of variance
(ANOVA) (p ≤ 0.05). Means in columns of high-pressure treated samples followed by different uppercase letters are
significantly different according to post-hoc comparisons after two-way ANOVA (p ≤ 0.05), and were performed
considering pressure (P) and time (t) as independent variables. The p values were corrected for multiple comparisons
using LSD method. Abbreviations: R = raw or untreated; BL = blanched; 400-1 = HHP at 400 MPa for 1 min;
400-5 = HHP at 400 MPa for 5 min; 600-1 = HHP at 600 MPa for 1 min; 600-5 = HHP at 600 MPa for 5 min;
L = lightness; a* = redness; b* = blueness; C = chroma; h◦ = hue angle; n.s. = not significant (p ≥ 0.05); * = significant
(p ≤ 0.05).

3.6. Principal Component Analysis

Based on the obtained results, Principal Component Analysis (PCA) (Figure 4) was performedto
enable an overview of the variables that mainly influenced the final quality of blueberries under the
effect of the different studied treatments. Starting from 10 variables (DPPH, PME, Fp1, Fmax, Area, L,
a*, b*, C, h◦), factor analysis excluded DPPH because it showed low contribution to the total variance.

Nine variables were selected, generating a score plot in which the first two principal components
(PC) explained 86.66% of the total variance. The first and more discriminating component (PC1) was
related to texture and color parameters; in particular, Fp1, Fmax, and Area showed positive loadings on
PC1, being inversely related to a*. On the second component (PC2), the color parameters L* and b*
showed high positive factor loadings. The variables PME and h◦ resulted in opposite positions on
the plan, having respectively positive and negative factor loadings, both on PC1 and PC2. The color
parameter C showed positive loadings on PC1 and negative on PC2. Based on this distribution, the
samples were grouped into three clusters: Raw, Blanched, and HHP treated samples. Raw samples
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were directly related with all of the texture parameters, being instead inversely related to the red
component a*, indicating a more turgid structure with an opaque red color. Blanched samples were
inversely related to PME and with the color parameters L and b*, having instead a positive relation
with h◦. The wide distance between raw and blanched samples on the factor plan confirmed that
the blanched blueberries were the ones that deviated most from raw fruit in terms of organoleptic
properties, however being the most effective treatment on PME inactivation. HHP treated samples
clustered together in the middle zone between raw and blanched samples, indicating high pressure as
a mild treatment if compared to the thermal one. Among the HHP treatments, 600-1 slightly differed
from the other samples, mainly in relation to the color parameters L and b*.

Figure 4. Principal Component Analysis (PCA) results obtained for the two principal components:
Projection of the variables and of the cases on the factor plane (1 × 2). Abbreviations: R = raw/untreated;
BL = blanched; 400-1 = HHP at 400 MPa for 1 min; 400-5 = HHP at 400 MPa for 5 min; 600-1 = HHP at
600 MPa for 1 min; 600-5 =HHP at 600 MPa for 5 min; FP1 =maximum force first peak; Fmax = absolute
maximum force; Area = area under the force/time curve; PME = pectin methylesterase; L = lightness;
a* = redness; b* = blueness; C = chroma; h◦ = hue angle; PC = Principal Component.

4. Conclusions

The application of high pressure as a fruit preservation technique has shown mild effects on
the organoleptic properties of blueberries if compared to blanching, despite the more severe tissue
damage. Focusing on the high-pressure treatments, an interesting effect of the pressure holding time
was observed on almost all of the investigated variables. Indeed, less PME deactivation, higher texture
and color retention, and better antioxidant activity were observed by increasing the treatment time for
both of the tested pressures. These phenomena, probably related to an easier extraction of intracellular
molecules from the broken cells, were particularly visible for 600-5, the sample subjected to the most
intense high-pressure treatment. Almost no effect of the pressure level was evidenced in this study.
The high PME activity, considered a defect of the high pressure treated samples, was, however, related
to a better texture recovery during treatment. A shelf life study will be necessary to evaluate the
evolution of these parameters over time.
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Abstract: Raspberries are one of Serbia’s best-known and most widely exported fruits. Due to
market fluctuation, producers are looking for ways to preserve this fresh product. Drying is a widely
accepted method for preserving berries, as is the case with freeze-drying. Hence, the aim was to
evaluate convective drying as an alternative to freeze-drying due to better accessibility, simplicity,
and cost-effectiveness of Polana raspberries and compare it to a freeze-drying. Three factors were in
experimental design: air temperature (60, 70, and 80 ◦C), air velocity (0,5 and 1,5 m·s−1), and state of
a product (fresh and frozen). Success of drying was evaluated with several quality criteria: shrinkage
(change of volume), color change, shape, content of L-ascorbic acid, total phenolic content, flavonoid
content, anthocyanin content, and antioxidant activity. A considerable influence of convective drying
on color changes was not observed, as ΔE was low for all samples. It was obvious that fresh raspberries
had less physical changes than frozen ones. On average, convective drying reduced L–ascorbic acid
content by 80.00–99.99%, but less than 60% for other biologically active compounds as compared to
fresh raspberries. Convective dried Polana raspberry may be considered as a viable replacement for
freeze-dried raspberries.

Keywords: raspberry; convective drying; freeze-drying; bioactive compounds; shrinkage;
color change

1. Introduction

Raspberries (Rubus idaeus) are one of the most important fruits in Serbian agriculture. It has
been recently reported that raspberry production in 2017 was 109,742 t, which positions Serbia as one
from the three leading countries in raspberry world production [1]. Over 90% of produced Serbian
raspberries are commonly frozen, while only 10% is immediately used for processing or sold on open
markets [2]. At their full maturity, raspberries have high moisture content (84% w.b.), L-ascorbic acid
content, and potassium, as well as proteins, fibers, and minerals [3–7]; moreover, they contain various
biologically active compounds (BACs) with high antioxidant activity. BACs found in raspberries
include anthocyanins (cyanidin-3-sambubioside, cyanidin-3-glucoside, cyanidin-3-xylosylrutinoside,
and cyanidin-3-rutinoside), ellagic acid, hydrolysable tannins (derivatives of gallic and ellagic
acid), proanthocyanidins, vecetin, quercetin and rutin [8–10], carotenoids (lutein, zeaxanthin, alpha
carotene, and beta carotene), chlorophyll derivatives, and tocopherols [11], with antioxidative and
anti-inflammatory potential [12,13].

In Serbia, raspberries are often processed to jelly, diary, or confectionery products able to be stored
for a longer time [6,14–17], however it is difficult to preserve this berries with high level of natural
properties. In industry, this problem is commonly tackled with some form of drying, where one of
the most popular procedures is convective drying that is done at high temperatures and for a long
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processing time. This often leads to chemical and biochemical changes and loss of native quality of
this fruits with changes of color, taste, aroma, and nutritive value [18]. Previous studies showed that
convective drying of red raspberries changed their volume, color, shape, and the content of BACs,
this is especially true for contents of L–ascorbic acid, flavonoids, anthocyanins, and others [6,19–21].
Therefore, freeze-drying has been established as a standard process in the industry, to preserve nutritive
value and extend the shelf life. A downside, however, is that freeze-drying is an expensive technology,
not only in terms of the initial investment, but also during processing, even though previous reports
showed that freeze-dried fruits, in comparison to convective dried ones, have better preserved their
physiochemical, nutritive, and sensory properties [22,23]. The choice of the drying method for a
particular food product is a crucial step as the drying procedure and operating conditions have impact
on the quality of the dried product and its cost [24]. Despite its simplicity and low investment cost,
convective drying is the most common dehydration technique in the food industry with a focus on
minimizing economic and environmental impacts. Energy consumption and energy saving potential of
convective drying may be tempered by combining new technologies with traditional drying procedures.
Bórquez et al. [6] evaluated quality changes during osmotic dehydration of raspberries in sucrose
solution with vacuum pretreatment, and followed by microwave-vacuum drying. Obtained results
showed acceptable results regarding the preservation of color, taste and structure of these berries.
Unfortunately, L-ascorbic acid content decreased 5-fold (220 to 41 mg/100 g), therefore reutilization of
sucrose solution with higher initial concentration of L-ascorbic acid is recommended to reduce the
losses to 60%.

Kowalski et al. [20] tested different drying techniques of raspberries, i.e., hot air drying vs.
combined hybrid drying consisting of simultaneous hot air, microwave, and ultrasound drying, on the
kinetics, energy consumption, and product quality. Results revealed that combined hybrid drying
significantly improved the drying kinetics and the energy utilization. However, the total CIELab
color difference (ΔE) ranged from 12 to 15, which implies significant degradation of color in dried
raspberries. In addition, when final product was compared to fresh raspberry, considerable volumetric
shrinkage was recorded with slight changes in the shape, but only after convective drying.

Bustos et al. [25] studied the impact of convective drying at various temperatures on
phenolic characterization in both, raspberries (Rubus idaeus var. Autumn Bliss) and boysenberries
(Rubus ursinus × Rubus idaeus var. Black Satin). Berries were applied to different convective drying
conditions: 50 ◦C for 48 h, 65 ◦C for 20 h or 130 ◦C for 2 h until a moisture content was below
15%. Obtained results indicated that drying regime at 65 ◦C during 20 h was optimum for the
best preservation of color, polyphenol content and antioxidant activity in dried berries. Moreover,
authors argued that conventional drying is more economical than freeze-drying, and with considerable
increase of total polyphenolic content due to depolymerization of native polyphenols which lead to
improved antioxidant activity. Different raspberry cultivars, have different sensitivity to convective
drying mostly evident by changes in their physical (e.g., reduced rehydration), mechanical (e.g., initial
shape), nutritive (e.g., loss of nutrients), and sensory properties (e.g., formation of unpleasant aroma).
Furthermore, Pavkov et al. [17] found that physiochemical properties and rehydration capacity of
Polana and Polka varieties could be partially preserved after convective drying.

Therefore, the aim of this research was to investigate the influence of convective drying on
physiochemical properties and quality parameters of red Polana raspberry for fresh and frozen samples.
Evaluated quality parameters included changes in volume and shape, color, L-ascorbic acid, total
phenolic content, flavonoid content, anthocyanin content, and antioxidant activity. All results were
controlled against freeze-dried raspberries.
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2. Materials and Methods

2.1. Plant Material

Polana variety samples of red raspberries at full maturity were taken from the local farmers
during August and October, 2017, at area of Novi Sad, Republic of Serbia. The raspberry fruits were
harvested few hours prior to each experiment. The selected samples were approximately equal in size,
volume, color, mass, and humidity. Average values of these properties were obtained from raspberry
fruits subsample (n = 500) that were as following; (i) moisture content Xd.b = 5.45 ± 0.45 kgw/kgd.b.;
(ii) mass m = 3.30 ± 0.24 g; (iii) length a = 21.26 ± 0.74 mm, width b = 20.08 ± 0.56 mm, and thickness
c = 18.63 ± 0.62 mm; (iv) volume V = 3.17 ± 0.22 cm3; and (iv) water activity aw = 0.979 ± 0.001, at the
temperature of 20 ◦C, total soluble solids of 6.6% and pH = 3.26 ± 0.02.

2.2. Convective Drying and Freeze-Drying of Raspberries

Raspberry fruits were dried as fresh or as frozen (with commercial freezer at −20 ◦C) with lab-scale
convective dryer, designed and constructed to control for air flow (through the layer of processing
material), air drying temperature, and continuous monitoring of the sample mass in processing [26].
The dryer chamber door was made up of glass, hence light could have some minimal impact on
the quality drying products. In order to compare all results with controls, part of fresh fruits was
freeze-dried with Martin Christ, Alpha 2-4 LDplus, without heating of the plates. Drying conditions
were −83.8 ◦C on an ice condenser, with vacuum pressure of 0.0088 mbar in a drying chamber. Samples
were dried for 48 h until average humidity at the end of the drying process of Xd.b = 0.07 kgw/kgd.b.

2.3. Experimental Design and Statistical Analysis

Convective raspberry drying was three-factor experiment with one qualitative and two quantitative
factors. The qualitative factor represented the initial state of the raspberry fruit before drying with two
levels (fresh and frozen raspberries). Quantitative factors of the experiment were drying temperatures
(60, 70, to 80 ◦C) and air velocity (0.5 to 1.5 m·s−1). The absolute air humidity was approximately
constant in the experiments with average value 0.011 ± 0.002 kgw/kgd.air. For each experimental run,
the initial mass of the raspberries was approximately 500 g. Raspberry samples were set on perforated
sieve in a thin stagnant layer and placed in a drying chamber. Air flew along or across the surface
of the material in the dryer, and the samples were dried until the same value of moisture content of
approximately Xd.b = 0.152 kgw/kgd.b. The experiment was conducted with three repetitions for each
experimental run.

2.4. Measuring of Volume and Shrinkage Determination

When drying some biomaterial, volume shrinkage (Vsh) is one of the most common physical and
quality indicators of the final product. Shrinkage is expressed by the ratio between the change of
volume after drying and volume of sample before drying. The samples volume (n = 45) were measured
by immersing the raspberries into 96% concentration of ethanol [27] according to

V0 = (m0 −ml)/ρt (1)

where m0 is the mass of liquid and the immersed sample (kg), ml is the mass of liquid, and ρt is the
liquid density (kg/m3). The volumetric shrinkage of raspberries (Vsh) was based on the following
equation [28].

Vsh = ((V0 − Vi)/V0) × 100 (2)

where V0 is initial average volume and Vi is volume of each raspberry after drying.
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2.5. Determination of Heywood Shape Factor

If observed independently, the volumetric shrinkage is not a sufficient indicator of the changes in
dried material. For this reason, an additional indicator was used to monitor changes of shape, i.e.,
Heywood shape factor (k), able to detect the changes after drying [29–31]. This factor k = 0.523 and
was calculated from the relation

k = Vp/da
3 (3)

where Vp is the particle volume with equivalent diameter of the projected area of the particles. This
was obtained by assigning the area of an equivalent circle with the same greater diameter as that of the
fruit [32].

2.6. Color Measurement and Total Color Difference

Before and after each drying regime, CIELab color parameters were assessed for raspberry samples
(n = 45) by colorimeter Konica Minolta CR400(C-light source and the observer angle of 2◦). Where L*
was whiteness/brightness, a* was redness/greenness, and b* represented yellowness/blueness. The total
color difference (ΔE), hue angle (ho) and chromaticity (C*) were calculated by Equations (4)–(6) [33,34]:

ΔE = ((L* − L0)2+(a* − a0)2 + (b* − b0)2)1/2 (4)

h0 = arctan (b*/a*) (5)

C* = ((a*)2 − (b*)2)1/2 (6)

where, L0, a0, and b0 are the color values before drying, while L*, a*, and b* are the color values
after drying.

2.7. Analysis of Nutritiveproperties

2.7.1. Extraction Procedure

Methanol extract was prepared from the fresh/dried raspberry samples to determine the contents
of total phenols, flavonoids, and radical scavenging capacity. Briefly, 50 mL of an extraction solvent
(methanol, 99.8%) (Fisher Scientific, UK) was poured over the raspberry sample into an Erlenmeyer
flask. The flasks were covered and placed on a laboratory stirrer for 24 h (in a dark place). After
the extraction, the samples were transferred to volumetric flasks of determined volume, filtered, and
stored in a dark and cool place until the analysis was carried out.

2.7.2. Determination of Total Phenolic Content (TPC)

The TPC in methanol extracts of fresh and dried raspberries was determined by Folin–Ciocalteu
spectrophotometric method [35]. In a 50 mL volumetric flask with V = 0.5 mL of extract, 0.25 mL
of Folin–Ciocalteu was mixed and 0.75 mL of 20% Na2CO3 (m/v). After 3 min of stirring, distilled
water was added and made up to volume of 50 mL. Reaction mixture was left to stand at room
temperature for 2h and absorbencies were measured at 765 nm by UV–Vis spectrophotometer. Based
on the measured absorbance, the concentration (mg/mL) of TPC was calculated from the calibration
curve of the standard solution of gallic acid. The results are expressed in g of gallic acid equivalents
(GAE) per 100 g of fruit dried basis (gGAE/100gd.b).

2.7.3. Determination of Total Flavonoids Content (TFL)

The TFL was determined by previously described colorimetric method [36]. In short, the reaction
mixture was prepared by mixing 1 mL of an extract with 4 mL of distilled water and 0.3 mL of a 5%
NaNO2 solution (m/v). Then mixture was incubated at room temperature for five minutes, and then
0.3 mL of 10% AlCl3 (m/v) was added. After six minutes, when the solution became very yellow, 2 mL
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of NaOH was added. Distilled water was added to the reaction mixture and made up the volume
to 10 mL in a volumetric flask. The absorbance was measured at 510 nm. The TF were calculated
according to the catechin standard calibration curve and expressed in mg of catechin equivalents (CAE)
per 100 g of fruit dried basis (mgCAE/100gd.b).

2.7.4. Determination of Radical Scavenging Capacity

The free radical scavenging capacity (RSC) of raspberry extracts was determined using a simple
and fast spectrophotometric method described by Espin et al. [37]. Briefly, the prepared extracts were
mixed with methanol (95%) and 90 μM 2,2-diphenyl-1-picryl-hydrazyl (DPPH) to give different final
concentrations of extract. After 60 min at room temperature, the absorbance was measured at 517 nm.
RSC was calculated according to Equation (7) and expressed as IC50 value, which represents the
concentration of extract solution required for obtaining 50% of RSC.

RSC (%) = 100 − (Asample × 100)/Ablank (7)

where Ablank is the absorbance of the blank and Asample is the absorbance of the sample. The obtained
results were presented as a mass of dry sample material that is necessary for inhibition of 50% of DPPH
(IC50 (mgd.b/mL)).

2.7.5. Determination of Monomeric Anthocyanin Content (AC)

The sample preparation for the content of total AC was conducted by previously described
method [38]. Here an extraction solvent (ethanolic acid solution) [39] was poured over the samples
(fresh or dried raspberries) and the mixture was thoroughly homogenized in a glass beaker. Afterwards,
the beaker was covered with paraffin film and left to sit at 4 ◦C. After 24 h, the extraction mixture was
kept at room temperature, filtered, and transferred to volumetric flask and made up to the volume of
100 mL with an extraction solvent. An aliquot of an extract was transferred into two volumetric flasks
with added buffers at pH = 1.0 and pH = 4.5. After 15 min, the absorbencies were measured at 510 and
700 nm against distilled water as a blank. The content of AC was recalculated to cyanidin-3-glucoside by

AC = (A ×Mw × Df × Vm × 1000)/(ε×m) (8)

A = (A510 − A700)pH1,0 − (A510 − A 700)pH4,5 (9)

where AC = anthocyanin content (mg/100g); A510 = sample absorbance at λ = 510nm; A700 = sample
absorbance at λ = 700nm; Mw = molecular weight of cyanidin-3-glucoside (449.2), Df = dilution
factor = original solution volume; ε = molar extraction coefficient of cyanidin-3-glucoside (26900);
and m = sample weight (g). The content of AC was expressed in mg per 100 g of fruit dried
basis (mg/100gd.b).

2.7.6. Determination of Vitamin C Content

Separations and quantifications of vitamin C were performed by HPLC equipment (Thermo
Scientific™ UltiMate 3000) on Nucleosil 100-5C18, 5 μm (250 × 4.6 mm I.D.) column (Phenomenex,
Los Angeles, CA). Separation was performed with standard method BS EN 14130:2003 (Foodstuffs.
Determination of vitamin C by HPLC). The content of AC was expressed in mg ascorbic acid (the sum of
ascorbic acid and its oxidative form of dehydroascorbic acid) per 100 g of fruit dried basis (mg/100gd.b).

2.8. Statistical Analysis

For the purposes of statistical tests, analysis of variance was performed (ANOVA) with Statistica13
(Stat Soft, Inc., Oklahoma, United States). In order to define homogenous groups of samples an
additional Duncan test was performed with statistical significance at p < 0.05.
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3. Results and Discussion

3.1. Volume Shrinkage

Comparison of convective and freeze-drying technique for fresh vs. frozen samples revealed
that the least changes in volume had freeze-drying (Vsh = 16.49 ± 2.75%). For convective drying, the
least changes in volume had fresh raspberry samples dried at T = 60 ◦C and air velocity of 1.5 m·s−1

(Vsh = 35.74 ± 6.78%). Pavkov et al. 2017 [17] reported results of air drying red Polana raspberry,
dried at air temperature of 50, 60, 70, and 80 ◦C and constant air velocity of 1 m·s−1. Judging by the
volume shrinkage during convective drying, air temperature of 50 ◦C will lead to a total collapse and
loss of the product shape. Interestingly, the least volume shrinkage (23.17%) was achieved with air
temperature at 70 ◦C. Drying with air temperature at 60 ◦C provoked shrinkage of 28.74%, what is still
lower than it was obtained in the current study. Samples dried with air temperature of 80 ◦C reached
volume shrinkage of 43.13%. Results obtained from these two experiments revealed that higher air
temperatures do not necessarily lead to higher changes in volume shrinkage. This may be explained
by the fact that higher air temperature have tendency to lean towards mechanical stabilization of the
raspberry surface, thus limiting the degree of shrinkage.

Air temperature and initial state of the raspberry, prior to convective drying significantly changed
the volume of dried raspberry. On the other hand, the air velocity did not have any impact on the
change in raspberry volume (Table 1). The most considerable changes in volume occurred when drying
frozen raspberries at T = 80 ◦C and air velocity of 0.5 m·s−1 (Vsh = 79.07 ± 4.07%). As previously
reported, drying temperature of 80 ◦C had similar trend on volume shrinkage [17].

Table 1. Statistical analysis of convective drying factor effect on all determined quality indicators.

D
e
p

e
n

d
.

V
a
lu

e

S
ta

ti
st

ic
a
l

In
d

ic
a
to

rs Effect

Intercept AT AV RS AT*AV AT*RS AV*RS AT*AV*RS Error

Vo
lu

m
e

sh
ri

nk
ag

e SS 1687039 96255 11 3834 2874 1686 2743 103 28630
MS 1687039 48127 11 3834 1437 843 2743 51 59
F 28814.82 822.02 0.20 65.49 24.54 14.40 46.85 0.88
p 0.0000 0.0000 0.6587 0.0000 0.0000 0.0000 0.0000 0.4166

H
ey

w
oo

d
sh

ap
e

fa
ct

or

SS 0.208363 0.0044 0.0001 0.0015 0.0000 0.0000 0.0001 0.0001 0.0094
MS 0.208363 0.0022 0.0001 0.0015 0.0000 0.0000 0.0001 0.0000 0.0000
F 10773.36 115.30 10.08 79.20 1.59 1.16 7.79 4.55
p 0.0000 0.0000 0.0015 0.0000 0.2057 0.3129 0.0054 0.0110

C
ol

or
ch

an
ge

SS 17759.28 576.41 16.78 68.15 31.92 56.31 0.57 1.77 654.85
MS 17759.28 288.20 16.78 68.15 15.96 28.15 0.57 0.89 2.74
F 6481.604 105.186 6.126 24.871 5.825 10.275 0.207 0.323
p 0.000000 0.000000 0.014017 0.000001 0.00330 0.000052 0.649312 0.724239

A
sc

or
bi

c
ac

id

SS 1689.955 1357.504 640.217 6.840 430.577 91.156 0.008 7.249 8.575
MS 1689.955 678.752 640.217 6.840 215.289 45.578 0.008 3.625 0.357
F 4729.853 1899.694 1791.841 19.144 602.551 127.564 0.024 10.144
p 0.000000 0.000000 0.000000 0.000203 0.000000 0.000000 0.879336 0.000641

To
ta

l
ph

en
ol

ic
co

nt
en

t SS 40829272 96596 58924 52597 8089 23366 65802 46258 10129
MS 40829272 48298 58924 52597 4044 11683 65802 23129 422
F 96744.51 114.44 139.62 124.63 9.58 27.68 155.92 54.80
p 0.0000 0.0000 0.0000 0.0000 0.0008 0.0000 0.0000 0.0000

To
ta

l
fla

vo
no

id
co

nt
en

t SS 3799457 6538 2505 1149 8042 1435 6 4362 5100
MS 3799457 3269 2505 1149 4021 718 6 2181 213
F 17879.73 15.38 11.79 5.40 18.92 3.38 0.03 10.26
p 0.000000 0.000050 0.002170 0.028864 0.000012 0.051007 0.863581 0.000602

A
nt

ho
cy

an
in

co
nt

en
t

SS 2163673 22925 715 2014 711 2315 782 9184 18331
MS 2163673 11463 715 2014 355 1157 782 4592 764
F 2832.821 15.008 0.936 2.637 0.465 1.515 1.024 6.012

p 0.0000 0.0000 0.3428 0.117456 0.6334 0.2400 0.3215 0.0076

R
ad

ic
al

sc
av

en
gi

ng SS 0.696911 0.003357 0.000115 0.011585 0.027292 0.008212 0.009029 0.015719 0.00044
MS 0.696911 0.001678 0.000115 0.011585 0.013646 0.004106 0.009029 0.007860 0.00001
F 37390.89 90.05 6.18 621.55 732.14 220.29 484.40 421.69
p 0.000000 0.000000 0.020259 0.000000 0.000000 0.000000 0.000000 0.000000

AT—Air Temperature; AV—Air Velocity; RS—Raspberry state before drying; SS—Sum of Squares; MS—Mean
square; F—Fisher’s F-ratio; p— p-value.
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Additional for convective drying, some reports indicated variations in volume shrinkages with
regards to raspberry varieties. Sette et al. [29] dehydrated with convective drying previously frozen
Autumn Bliss raspberry, at T = 60 ◦C and air velocity of 1–1.5 m·s−1. Here they found higher volume
shrinkage (Vsh = 81 ± 3%) than what was reported in the current study.

Initial raspberry state effected the shrinkage, which was not surprising as creation of the ice
crystals tends to destabilize cellular structures and this is particularly emphasized with drying air
velocity of 0.5 m·s−1. On the contrary, Duncan’s test revealed that there are no significant differences in
the volume shrinkage of the samples which were dried at the same temperature and with velocity
of1.5 m·s−1. The reason for this may be the faster drying rate in the first drying period, which can lead
to a faster mechanical stabilization of the surface, hence the preservation of the volume. As expected,
initial raspberry state had an effect on volume shrinkage, and the results after drying are presented in
Figure 1. Figure 2 shows the shrinkage and the changes in fruit size after convective and freeze-drying
of fresh raspberry at T = 60 ◦C and air velocity of 1.5 m·s−1.

Figure 1. Volume shrinkage after convective drying of raspberry variety Polana. Different lowercase
letters indicate significant differences (p < 0.05).

 

Figure 2. Red raspberry, variety Polana: (a) fresh (af = 20.74±2.45mm; bf = 20.04 ± 1.96 mm;
cf = 18.88 ± 1.72 mm), (b) after convective drying of fresh raspberry at T = 60 ◦C and air velocity
of 1.5 m·s−1 (acd = 16.97 ± 1.86 mm; bcd = 15.37 ± 1.65 mm; ccd = 15.34 ± 1.43 mm), and (c) after
freeze-drying (afd = 20.62 ± 1.98 mm; bfd = 20.62 ± 2.66 mm; cfd = 18.58 ± 1.78 mm).
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3.2. Heywood Shape Factor Results

The referent Heywood shape factor before drying of fresh raspberry was k = 0.3323 (Figure 3), and
all three experimental factors were significant for the changes in Heywood shape factor. As compared
to k of a fresh raspberry, the factor after freeze-drying equaled to k = 0.27. In case of convective drying,
the lowest deviation from k occurred for fresh raspberries at T = 60 ◦C and air velocity of 1.5 m·s−1

(k = 0.2694 ± 0.003). Results showed that under the same experimental conditions, the convective
dried frozen raspberries had greater deviation of size as compared to the fresh raspberries. Hence,
Heywood shape factor corresponded with the results for volume shrinkage.

 
Figure 3. Of Heywood shape factor after convective drying of Polana raspberry. Different lowercase
letters indicate significant differences (p < 0.05).

3.3. Color Change

CIE Lab color parameters L*, a*, b*, C*, h*, and ΔE* measured on fresh and dried raspberries at
different drying conditions are shown in Table 2. Any considerable influences on color caused by the
drying of raspberry was not detected, as total color change was roughly 10, except for freeze dried
samples, and essentially lightness (L) remained similar to those of a fresh samples. Hence, changes
in color were driven by the parameters a* and b*. Generally, convective dried raspberry samples
slightly shifted towards maroon color, which can originate from decomposition of carotenoid pigments.
Moreover, high temperature induces nonenzymatic Maillard browning with formation of brownish
pigmentations [40]. Alternatively, this may be the consequences of high concentrations of preserved
anthocyanins in dried samples [3]. A slight increase of a* and b* will have positive repercussions,
as it will lean towards more saturated color of products, which corresponds well with increased
chroma values.

Air temperature, air velocity, and initial state of raspberry before drying had statistically significant
effect on color change (p < 0.05) (Table 1). The least color change (ΔE = 5.18) was observed with
convective drying at T = 60 ◦C and air velocity of 1.5 m·s−1. This temperature remained optimal
choice regarding ΔE, as it was not modified by different air velocities and initial state of material
(fresh and frozen). The largest color change for this drying type was at T = 80 ◦C and air velocity of
0.5 m·s−1 for both frozen and fresh raspberry when ΔE was 11.17 and 10.12, respectively. Unexpectedly,
freeze-dried raspberries had the largest color changes (ΔE = 19.60) that were caused by increase in all of
the three-color parameters, and especially for a* (Δa = 18.04). Bustos et al. [25] reported similar findings
for freeze-dried berries with higher values for redness (Δa = 25.62) as compared to convective samples.
Also, study by Sette et al. [3] reported an increase of a* and emphasized that besides pigmentation,
differences of internal structures should be considered among convective and freeze dried raspberries.
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For instance, after freeze-drying, free water from raspberry is replaced by air, so shifts in red color and
lightness can be a consequence of different diffusion of light that passes throughout a material. This
effect is likely more pronounced for fruits with defined and vibrant hues, as for the raspberries [3,41].
During the conventional air-drying, increasing drying temperatures reduce the drying time, whereas
shorter drying times may result in reduced risks of food quality deterioration [23]. Increasing hot
air temperature for convective drying of Cassia alata from 40 ◦C to 60 ◦C reduced drying time from
180 min to 120 min [42]. Consequently, from data obtained, it can be assumed that as the temperature
and the drying time increase, the color change of dried raspberries will increased too.

Table 2. Results of CIE Lab parameters before and after all drying treatments: L* (whiteness/brightness),
a* (redness/greenness), b* (yellowness/blueness), and ΔE (color change).

Experiment Factors

Measured Values ΔE

Before Drying (Fresh Samples) After Drying (Dried Samples)

L0 a0 b0 h0
o C0* L* a* b* ho C*

Fr
es

h
dr

ie
d

0.
5

m
·s−

1

D
ry

in
g

ai
r

te
m

pe
ra

tu
re

[◦
C

] 60 24.829 22.172 11.091 26.575 24.791 23.848 27.570 11.924 23.388 30.038 5.549 ± 1.67 h

70 24.768 20.932 10.134 25.833 23.256 25.799 29.650 13.448 24.397 32.557 9.383 ± 1.66 def

80 26.225 22.251 9.5562 23.242 24.216 22.608 30.589 14.021 24.625 33.649 10.12 ± 1.10 bc

1.
5

m
·s−

1 60 24.407 22.009 10.553 25.617 24.408 23.058 26.982 11.101 22.363 29.176 5.181 ± 0.95 h

70 24.372 22.513 10.886 25.805 25.006 24.194 30.224 13.100 23.433 32.940 8.024 ± 1.16 efg

80 25.212 22.125 10.084 24.502 24.314 22.029 30.390 14.193 25.033 33.540 9.763 ± 1.21 cde

Fr
oz

en
dr

ie
d

0.
5

m
·s−

1 60 24.491 21.032 10.397 26.305 23.461 24.264 28.325 12.834 24.375 31.096 7.692 ± 1.23 g

70 24.078 20.509 9.414 24.655 22.566 24.094 29.314 12.897 23.747 32.025 9.468 ± 1.62 def

80 26.368 22.380 10.172 24.442 24.583 26.329 32.674 14.529 23.973 35.758 11.17 ± 1.38 b

1.
5

m
·s−

1 60 25.147 21.106 9.865 25.051 23.297 24.514 28.904 12.892 24.038 31.648 8.38 ± 1.43 fg

70 25.122 21.477 10.321 25.667 23.828 23.603 29.665 13.733 24.841 32.689 8.99 ± 0.80 def

80 25.785 22.719 10.593 24.997 25.067 21.991 30.368 13.977 24.714 33.430 9.18 ± 1.27 cd

Freeze dried 24.557 22.367 9.779 23.615 24.411 28.144 40.412 16.562 22.285 43.674 19.608 ± 1.63 a

Different lowercase letters indicate significant differences (p < 0.05).

3.4. Ascorbic Acid Reduction

The average amount of L-ascorbic acid in fresh samples before drying was 118.27 mg/100gd.b.

(18.92 mg/100gw.b.) (Table 4), which was similar to quantities reported by Bobinaite et al. [12]. This
content of L-ascorbic acid was significantly reduced during convective drying under all experimental
conditions. This is expected as prolonged exposure to heightened temperatures and oxygen has
tendency to reduce the content of this acidin fruits [21,43–47]. Figure 4 shows temperature kinetics of
raspberry samples during convective drying from a fresh state. Type K thermocouple probes were
used to monitor and control product temperature during the process, by placing probes inside the
drupelet. For all experiments, the temperature at the beginning of the process is approximately 35 ◦C,
but after 10 minutes of the drying, the raspberry temperature can reach 50 ◦C. Due to the reduced
moisture content, during the last quarter of drying all samples have the same temperature as drying
air. This means that drying time at T = 80 ◦C is 6–8 h, and depending of the air velocity can last almost
three times longer at T = 60 ◦C. However, the highest content of L-ascorbic acid was after the shortest
convective drying with air velocity of 1.5 m·s−1. This was regardless of the fact that the raspberry
temperature reached T = 80 ◦C, and equaled to 27.46 ± 1.12 mg/100gd.b. and 22.54 ± 1.28 mg/100d.b.,
after drying of frozen and fresh raspberry, respectively (Table 4). Conversely, the degradation of
99% L-ascorbic acid was detected for longest drying with T = 60 ◦C and air velocity of 0.5 m·s−1.
Accordingly, this might mean that L-ascorbic acid degradation is more induced by longer exposure to
higher oxygen levels during the convective drying than to the drying temperature itself.

This reasoning is in accordance with Verbeyst et al. [43] research with thermal and high-pressure
effects on vitamin C degradation in strawberries and raspberries. Here it was shown that ascorbic
acid degradation from strawberry and raspberry is slightly temperature dependent for temperature
range of 80 to 90 ◦C, and that oxygen presence plays the key role. As expected, the highest levels of
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L-ascorbic acid preservation was achieved by freeze-drying (115.48 ± 2.29 mg/100gd.b.), since there
was neither thermal nor oxygen degradation involved.

yg g

 
Figure 4. Raspberry temperature kinetics during convective drying from a previously fresh state.

3.5. Total Phenols Reduction

The average values for relevant nutritive profile of fresh raspberries are presented in Table 3.
Average total amount of polyphenols in fresh raspberry was 1.63 g GAE/100gd.b. All three individual
experimental factors had influence on the content of total phenols (Table 1).

When these samples were dried convectively the best preserved polyphenolic content was at
T = 70 ◦C and air velocity of 1.5 m·s−1 (1.28 gGAE/100gd.b.). On the contrary, they were least preserved
at 60 ◦C and air velocity of 0.5 m·s−1(0.92 gGAE/100gd.b.). Freeze-drying preserved 1.10 g GAE/100gd.b.
of total phenols, and, as expected, convective drying reduced polyphenolic content in the samples. The
exceptions were the samples freshly dried at air velocity of 1.5 m·s−1 and drying temperatures of 70 ◦C;
and 80 ◦C in which higher total phenolic content was observed in comparison to freeze-dried samples.
Similar results were recently reported where higher phenolic content was found in convectively hot
air-dried Cassia alata in comparison to freeze-dried samples [42]. Hossain et al. has suggested that
freeze-drying may not have completely deactivated degradative enzymes due to the low-temperature
process. Therefore, reactivation of this degradative enzymes could be further occurred in freeze-dried
samples thus result in lower phenolic content [48].

Vasco et al. [49] made classification of 17 fruit types from Ecuador based on their content of total
phenols and according to this classification there are three main groups: one with low levels of total
phenols (<0.1 gGAE/100gw.b.), one with medium level (0.2–0.5 gGAE/100gw.b.), and the third with high
levels (>1.0 gGAE/g100gw.b.). This classification was accepted by others [50,51], and states that fresh
Polana raspberry belongs to a high content group, as do freeze-dried and convectively dried samples
from this study (under all experimental conditions).

Table 3. The content of BACs and radical scavenging capacityin fresh raspberry sample.

Compound mg/100gd.b.

L-ascorbic acid 118.27
Total phenolic content 1,635.60
Flavonoid content 386.19
Anthocyanin content 513.55
Antioxidative activity IC50 [mgd.b./mL] 0.0534
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3.6. Total Anthocyanin Reduction

Temperature had significant influence on the content of anthocyanin (Table 4), however air
velocity had no effect on this group of compounds. Amount of anthocyanin in fresh raspberry
was 511.7 mg/100gd.b. After convective drying, anthocyanin content was preserved from 40–56%.
Anthocyanin content (287.0 mg/100d.b.) was best preserved with drying of fresh raspberries at T = 70 ◦C
and air velocity of 0.5 m·s−1. Their least retention occurred after convective drying of frozen samples
at T = 70 ◦C and air velocity of 0.5 m·s−1 (205.3 mg/100d.b.). Thermal degradation of anthocyanins
and complementary oxidization is the origin of the maroon color that was detected with the CIELab
analysis. After freeze-drying, the content of anthocyanin in raspberry was 410.4 mg/100gd.b. which is
expected due to minimized considerable influence of temperature and oxygen.

Table 4. Results of biologically active compounds in fresh raspberry and dried raspberry after all
drying treatments.

Experimental Factors

Measured Values

Ascorbic Acid
(mg/100gd.b.)

Total Phenolic
Content

(gGAE/100gd.b.)

Total Flavonoid
Content

(mgCAE/100gd.b.)

Anthocyanin
Content

(mg/100gd.b.)

Radical
Scavenging IC50

(mgd.b./Ml)
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re

(◦
C

) 60 <0.25 d 0.921 ± 0.010 k 315.1 ± 8.9 cde 215.3 ± 8.6 hi 0.097 ± 0.0011 g

70 2.45 ± 0.22 cd 0.985 ± 0.018 ij 298.8 ± 5.4 de 287.0 ± 9.4 c 0.218 ± 0.0015 a

80 4.04 ± 0.34 cd 1.152 ± 0.020 d 317.4 ± 6.5 cde 256.1 ± 14.6 ef 0.198 ± 0.0011 b

1.
5

m
·s−

1 60 2.53 ± 0.33 cd 1.075 ± 0.003 ef 299.3 ± 16.0 de 235.5 ± 6.4 fg 0.210 ± 0.0065 b

70 7.65 ± 0.27 cd 1.281 ± 0.028 b 352.7 ± 14.7 ab 242.8 ± 12.5 fg 0.101 ± 0.0025 g

80 22.54 ± 1.28 b 1.202 ± 0.003 c 331.8 ± 15.6 bc 248.5 ± 5.7 ef 0.124 ± 0.0010 de

Fr
oz

en
dr

ie
d

0.
5

m
·s−

1 60 <0.25 d 0.994 ± 0.001 ij 290.0 ± 15.0 e 206.2 ± 16.7 i 0.135 ± 0.0055 d

70 <0.25d 1.080 ± 0.002 ef 302.1 ± 20.1 cde 205.3 ± 5.9 i 0.095 ± 0.0010 g

80 8.87 ± 0.90 c 1.011 ± 0.006 hi 375.5 ± 3.2 a 276.0 ± 11.7 cd 0.084 ± 0.0012 h

1.
5

m
·s−

1 60 <0.25 d 0.976 ± 0.019 j 322.4 ± 7.0 bcd 227.1 ± 12.2 gh 0.182 ± 0.0075 c

70 6.58 ± 0.46 cd 1.029± 0.015 h 361.7 ± 3.5 a 238.3 ± 16.6 fg 0.111 ± 0.0043 f

80 27.46 ± 1.12 b 1.067 ± 0.019 f 331.1 ± 9.3 bc 263.9 ± 3.4 de 0.124 ± 0.0077 ef

Freeze dried 115.48 ± 2.29 a 1.103 ± 0.019 e 327.8 ± 1.24 cde 410.4 ± 9.4 b 0.064 ± 0.0001 i

Fresh raspberry 118.27 ± 2.88 a 1.635 ± 0.025 a 386.1 ± 21.1 a 511.7 ± 5.0 a 0.053 ± 0.0005 j

* Different lowercase letters indicate significant differences (p < 0.05).

3.7. Radical Scavenging Capacity

As expected, all experimental factors influenced the radical scavenging capacity (Table 4). As a
smaller IC50 means higher radical scavenging capacity, the majority of convectively dried raspberries
exhibited lower radical scavenging capacity in comparison to fresh or freeze-dried samples. The IC50
value of fresh raspberry was IC50 = 0.0534 mgd.b./mL. Freeze-dried samples had highly preserved
radical scavenging capacity that was equal to 0.0641 mgd.b./mL, likely due to high preservation of
all bioactive compounds. The lowest IC50 value (e.g. the highest radical scavenging capacity) had
convective drying for frozen samples, of IC50 = 0.0845 mgd.b./mL which was obtained at T = 80 ◦C
and air velocity of 0.5 m·s−1. The main reason for this may be the high preservation of total flavonoid
content (0.97%) in dried samples with same convective drying regime. Raspberry belongs to a group of
biomaterial with high radical scavenging capacity [12,50]. It is also believed that almost 20% of its total
radical scavenging capacity is secured by the content of L-ascorbic acid [52]. As previously reported,
heat and oxygen have influence on almost all bioactive compounds with some form of degradation, so
it is not surprising that to find the loss of radical scavenging capacity due to convective drying.

4. Conclusions

Using physical properties, contents of various biologically active compounds and radical
scavenging capacity proved to be useful in selecting alternatives for preservation of raspberries
as in the case of convective and freeze-drying. For Polana variety, the most desirable results against
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freeze-drying as standard in terms of color, volume shrinkage, and Heywood shape factor change
was achieved with convective drying of fresh raspberry at T = 60 ◦C with air velocity of 1.5 m·s−1.
Convective drying of raspberry had influenced all measured biologically active compounds. In
comparison to fresh samples, in convectively dried raspberries 60–78% of total phenols was preserved
as well as 75–97% of flavonoids and 40–56% of anthocyanins. Consequently, lower radical scavenging
capacity was found in convectively dries samples as compared to fresh or freeze-dried. The largest
shortcoming for convective drying was observed in difference between freeze-dried for preservation
levels of L-ascorbic acid. Freeze-drying preserved more than 97% of L–ascorbic acid, while convective
drying samples had degradation of over 80% of this compound. This might not be as relevant where
L–ascorbic acid is added in processing of raspberries (e.g., confectionery products, biscuits, cookies,
dairy product etc.). In conclusion, Polana raspberry dried convectively with air temperature of 60 ◦C
and air velocity of 1.5 m·s−1, may be considered as sufficient alternative to freeze-drying.
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combined drying. PTEP J. Process Energy Agric. 2010, 14, 81–84.

88



Foods 2019, 8, 251

34. Maskan, M. Kinetics of colour change of kiwifruits during hot air and microwave drying. J. Food Eng. 2001,
48, 169–175. [CrossRef]

35. Singleton, V.L.; Rossi, J.A.J. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid
reagents. Am. J. Enol. Viticult. 1965, 16, 144–158.

36. Harborne, J.B.; Williams, C.A. Advances in flavonoid research since 1992. Phytochemistry 2000, 55, 481–504.
[CrossRef]

37. Espín, J.C.; Soler-Rivas, C.; Wichers, H.J. Characterization of the total free radical scavenger capacity of
vegetable oils and oil fractions using 2,2-diphenyl-1-picrylhydrazyl radical. J. Agric. Food Chem. 2000, 48,
648–656. [CrossRef] [PubMed]

38. Giusti, M.M.; Wrolstad, R.E. Characterization and measurement of anthocyanins by UV-visible spectroscopy.
Curr. Protoc. Food Anal. Chem. 2001, 00, F1.2.1–F1.2.13. [CrossRef]

39. Fuleki, T.; Francis, F.J. Quantitative methods for anthocyanins. 1. Extraction and determination of total
anthocyanin in cranberries. J. Food Sci. 1968, 33, 72–77. [CrossRef]

40. Si, X.; Chen, Q.; Bi, J.; Yi, J.; Zhou, L.; Wu, X. Infrared radiation and microwave vacuum combined drying
kinetics and quality of raspberry. J. Food Process Eng. 2016, 39, 377–390. [CrossRef]

41. Saarela, J.M.S.; Heikkinen, S.M.; Fabritius, T.E.J.; Haapala, A.T.; Myllylä, R.A. Refractive index matching
improves optical object detection in paper. Meas. Sci. Technol. 2008, 19, 055710. [CrossRef]

42. Chua, L.Y.; Chua, B.L.; Figiel, A.; Chong, C.H.; Wojdyło, A.; Szumny, A.; Lech, K. Characterisation of the
convective hot-air drying and vacuum microwave drying of Cassia alata: Antioxidant activity, essential oil
volatile composition and quality studies. Molecules 2019, 24, 1625. [CrossRef]

43. Verbeyst, L.; Bogaerts, R.; Van der Plancken, I.; Hendrickx, M.; Van Loey, A. Modelling of vitamin C
degradation during thermal and high-pressure treatments of red fruit. Food Bioprocess. Technol. 2012, 6,
1015–1023. [CrossRef]

44. Rodríguez, Ó.; Gomes, W.; Rodrigues, S.; Fernandes, F.A.N. Effect of acoustically assisted treatments on
vitamins, antioxidant activity, organic acids and drying kinetics of pineapple. Ultrason Sonochem 2017, 35,
92–102. [CrossRef]

45. Herbig, A.-L.; Renard, C.M.G.C. Factors that impact the stability of vitamin C at intermediate temperatures
in a food matrix. Food Chem. 2017, 220, 444–451. [CrossRef]

46. Santos, P.H.S.; Silva, M.A. Retention of vitamin C in drying processes of fruits and vegetables—A Review.
Dry Technol. 2008, 26, 1421–1437. [CrossRef]

47. Arancibia-Avila, P.; Namiesnik, J.; Toledo, F.; Werner, E.; Martinez-Ayala, A.L.; Rocha-Guzmán, N.E.;
Gallegos-Infante, J.A.; Gorinstein, S. The influence of different time durations of thermal processing on
berries quality. Food Control 2012, 26, 587–593. [CrossRef]

48. Hossain, M.B.; Barry-Ryan, C.; Martin-Diana, A.B.; Brunton, N.P. Effect of drying method on the antioxidant
capacity of six Lamiaceae herbs. Food Chem. 2010, 123, 85–91. [CrossRef]

49. Vasco, C.; Ruales, J.; Kamal-Eldin, A. Total phenolic compounds and antioxidant capacities of major fruits
from Ecuador. Food Chem. 2008, 111, 816–823. [CrossRef]

50. De Souza, V.R.; Pereira, P.A.P.; da Silva, T.L.T.; de Oliveira Lima, L.C.; Pio, R.; Queiroz, F. Determination of the
bioactive compounds, antioxidant activity and chemical composition of Brazilian blackberry, red raspberry,
strawberry, blueberry and sweet cherry fruits. Food Chem. 2014, 156, 362–368. [CrossRef] [PubMed]
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Abstract: Background: The aim of this study was to evaluate high voltage electrical discharges (HVED)
as a green technology, in order to establish the effectiveness of phenolic extraction from olive leaves
against conventional extraction (CE). HVED parameters included different green solvents (water,
ethanol), treatment times (3 and 9 min), gases (nitrogen, argon), and voltages (15, 20, 25 kV). Methods:
Phenolic compounds were characterized by ultra-performance liquid chromatography-tandem mass
spectrometer (UPLC-MS/MS), while antioxidant potency (total phenolic content and antioxidant
capacity) were monitored spectrophotometrically. Data for Near infrared spectroscopy (NIR)
spectroscopy, colorimetry, zeta potential, particle size, and conductivity were also reported. Results:
The highest yield of phenolic compounds was obtained for the sample treated with argon/9 min/20
kV/50% (3.2 times higher as compared to CE). Obtained results suggested the usage of HVED
technology in simultaneous extraction and nanoformulation, and production of stable emulsion
systems. Antioxidant capacity (AOC) of obtained extracts showed no significant difference upon
the HVED treatment. Conclusions: Ethanol with HVED destroys the linkage between phenolic
compounds and components of the plant material to which they are bound. All extracts were
compliant with legal requirements regarding content of contaminants, pesticide residues and toxic
metals. In conclusion, HVED presents an excellent potential for phenolic compounds extraction for
further use in functional food manufacturing.

Keywords: high voltage electrical discharge; olive leaves extracts; green solvents; eco-extraction;
sustainability

1. Introduction

Plant extracts obtained from fruits, leaves, flowers, woods, roots, resins or seeds of known
medicinal properties are responsible for many health benefits, like reduction of hypertension,
prevention of cardiovascular disease, suppression of different types of cancer and viral disease, etc.
Classical/conventional extraction (CE) methods are not only time and energy demanding, but are also
prone to usage of solvents, resulting with overall hazardous/toxic effects on the environment. Therefore,
there is a growing interest to utilize plant extracts with “green chemistry“ in science-based production
of functional foods, food supplements, cosmetics, perfumes, nutraceuticals, and pharmaceuticals
in a sustainable ways [1–7].
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Olive tree (Olea europaea L.) is cultivated from antiquity in many parts of the world, but Mediterranean
region is the main agricultural area for its production. Mediterranean region is also known for its diet
with olives containing nutritional, health and antioxidant benefits, while being rich in with phenols
naturally originated from olive plant [8–10]. Olive leaves (OLs) which may be considered as both,
waste from olive oil production and medicinal and aromatic herbs, contain a large variety of phenols
including oleuropeosides (oleuropein and verbascoside); flavonols (rutin); flavones (luteolin-7-glucoside,
apigenin-7-glucoside, diosmetin-7-glucoside, luteolin and diosmetin); flavan-3-ols (catechin), substituted
phenols (tyrosol, hydroxytyrosol, vanillin, vanilic acid and caffeic acid), oleoside and secoiridoid glycoside
(oleuricine A and oleuricine B) [1,2,9–13].

It is well known that polyphenols as antioxidants may prevent or minimize oxidative damage/stress
at cellular levels, resulted from generated concentration imbalance between reactive oxygen (ROS)
and nitrogen (RNS) species and cell antioxidants. Numerous phenolics in OLs have strong radical
scavenging activity, showing that olive phenolics exhibit more beneficial effects in form of a mixture
(e.g., olive leaves extract; OLE) than isolated as a single phenolic compound. Olive leaves extract
have a synergistic capacity in the elimination of free radicals, that is more superior to the antioxidant
capacity of the vitamin C and E [3,7–12]. Consequently, OLE as an antioxidant may reduce the risks
for harmful health effects [3,10,11]. Also, recent studies on OLE confirmed potential coadjuvant use
for cervical cancer treatments [12], inhibitory effects on the obesity [13], suppression of inflammatory
cytokine production and the activation of NLRP3 inflammasomes in human placenta [14], potential as
preventive therapy for neurodegenerative diseases [15], protective quality of testis and sperms [16],
protection against intoxication of liver by carbon tetrachloride, kidney by cadmium, and brain by
lead poisoning [17–19].

Furthermore, OLE polyphenols are useful as natural food additives that have antimicrobial and
antioxidant properties. For instance, OLE are good for fermentation and oxidative processes of table
olives and for improving their nutritional properties [20], i.e., as replacement of synthetic additives and
the shelf life extension of fish patties [21] and salmon burgers [22]. OLs as by-products/waste generated
during olive oil production contains even higher amounts of polyphenols than appreciated olive oil.
Therefore, there is a great interest for their extraction from OLs and especially with application of
eco-friendly and sustainable processes [2,23–25].

However, green chemistry only applies in a part of the life cycle of a single natural product [4]
which also includes food safety aspects. Therefore, OLEs must be safe with respect to contaminants,
pesticide residues and toxic metals (Pb, Hg, Cd, etc) [26,27]. Nonetheless, it is important to note that
OLs are a rich source of various minerals (Ca, K, Na, P, S, Cl, Mg, Al, Si, K, Mn, Fe) and trace elements
(Ni, Cu, Sr, Ba, Cr, Zn, Rb, Th, Co, Ng, Cs, La, Ce, V, Nd) [28].

In a context of the Chemat’s principles of green chemistry, an extraction is defined as:

“Green extraction is based on the discovery and design of extraction processes which will reduce
energy consumption, allows use of alternative solvents and renewable natural products, and ensure
a safe and high-quality extract/product” [4].

Current regulations including REACH (Registration, Evaluation, Authorization and Restriction
of Chemicals, CLP (Classification, Labelling and Packaging of substances and mixtures), IPPC
(Integrated Pollution Prevention and Control) [29], and notation of BAT (Best Available Technology)
have direct progressive impact in diminishing the consumption of organic solvents and Volatile Organic
Compounds (VOC) [4]. Hence, they aim to save human health and environment, both in research
and development (R&D), as well as in production. Among green solvents, the agro- or bio-solvents
play an important role for the replacement of organic solvents. Ethanol is a well-known, common
bio-solvent, classified as environmentally preferable. It is obtained by the fermentation of sugar-rich
materials such as sugar beet and cereals. Although it is flammable and potentially explosive, ethanol is
used on a large scale due to synthesis in high purity, low price, and complete biodegradability [4].
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In order to improve CE, modern non-conventional extractions were developed to reduce the
mass transfer limitations and to increase yields in shorter time with minimal consumption of solvents.
These advanced techniques include ultrasound-assisted extraction (UAE), microwave-assisted extraction
(MAE), sub- and super-critical fluid extraction (SFE), pressurized liquid extraction (PLE), pulsed electric
fields (PEF), and high voltage electrical discharges (HVED) [1,30,31]. Although there are limitations of
innovative technologies for industrial implementations (e.g., high costs, control of process variables, lack of
regulatory approval, and consumer acceptance) [32], HVED (cold plasma) is promising green technique for
the extraction of biologically active compounds (BACs) with green solvents. Thus, it has the potential for
development of green chemical engineering and sustainable production [25]. PLE, in example, would yield
the greatest possible amounts of flavonoids (25.66 mg/g) in one extraction cycle, that lasts for 15 min at 100 ◦C.
If extraction, for PLE, would be-taken to obtain the most of flavonols (9.22 mg/g), that can be achieved with
one extraction cycle, that lasts for 5 min at 87 ◦C [23].

Developments of non-thermal technologies, such PEF and HVED, have been advancements for
industry and academia in meeting the challenges of producing safe and high-quality food [1,2]. HVED
is an emerging technology and broad designation for pulsed mode plasma systems, but it is mainly
known as “corona discharge” due to its discharge reminiscent of crown that surrounds the cathode
wire with pulsed DC power supply [33].

It is well known that HVED extraction is one of the applications of the liquid phase discharge
technology where a phenomenon of electrohydraulic discharge might occur in the water by the
effect of high voltage pulsed electric field which is accompanied by several secondary phenomena.
Additionally, UV light can lead cell inactivation by damaging to the DNA, shock waves and strong
liquid turbulence can cause products fragmentation as well as mechanical destruction of cell tissues,
and the high density of radicals can damage to the cell by cell oxidation. These are reasons why HVED
may destruct cellular structure and enhance mass transfer from the cell to the solution, thus greatly
improving the yields of BACs [34]. Pioneers of HVED extraction summarized many aspects of HVED
extraction, but recent review puts emphasis on introducing different extraction devices, including batch,
continuous and circulating extraction systems, generalizing the critical processes factors and recent
applications, discussing the advantages and disadvantages of HVED extraction as well as the future
trends of HVED assisted extraction technique. Although HVED is very potent extraction method with
so many advantages, the authors also discussed some disadvantages and problems needed to be solved
for its future development that will benefit various fields such as food and medical industries [34].

Therefore, the aim of this study is to evaluate HVED in the extraction efficiency of phenolic components
from autochthonous Mediterranean OLs by varying: (i) concentrations of ethanol; (ii) voltages applied;
and (iii) treatment times. Phenolic content in OLE was characterized by ultra-performance liquid
chromatography-tandem mass spectrometer (UPLC-MS/MS), while antioxidant tests were conducted
to analyze the antioxidant potency. Near infrared spectroscopy (NIR) was used for the prediction of
an extract quality and analyzed by principal component analysis (PCA) and all results were controlled
against CE as standard.

2. Materials and Methods

2.1. Plant Material

Dried olive leaves (Olea europaea L.) were provided locally from Mediterranean area (Zadar county,
Croatia). Herbs were stored in polyethylene bags in a dark and dry place until extractions. Herbs were
milled using knife mill (Grindomix GM 300 – RETSCH; Retsch GmbH, Haan, Germany) before HVED
treatment. Plant particle size distribution was: d(0.9) ≤ 330.563 μm; d(0.5) ≤ 118.540 μm; d(0.1) ≤ 23.105
μm measured by the laser particle size analyzer (Malvern, Mastersizer 2000, Germany). Prior to HVED
extraction, leaves were weighted (1 g) and mixed with 50 mL of extracting solvent, as distilled water,
25% and 50% aqueous ethanol (v/v) at room temperature (22 ◦C).
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2.2. Conventional and HVED Assisted Extraction

The CE was used as a control procedure to compare the efficiency of HVED under the same
conditions with respect to solvent type and treatment time. Therefore, the CE was conducted by
varying: (i) solvent type (0, 25 and 50% of ethanol (v/v)); (ii) stirring time (3 and 9 min) at room
temperature (22 ◦C). Magnetic stirring was used to provide effective stirring of herb and extraction
solvent during CE. HVED assisted extraction (plasma) generator “IMP-SSPG-1200” (Impel group,
Zagreb, Croatia) was used for rectangular pulses from direct current (DC) as high voltage (HV)
generator. Maximum adjustable current was 30 mA up to voltage of 25 kV. Frequency was 100 Hz;
pulse width was 400 μs; voltage was 15 kV and 20 kV for argon gas; and 20 kV and 25 kV for nitrogen.

Parameters were chosen based on conducted preliminary experiments with different HVED
parameters (frequency, voltage, pulse length, distance between electrodes), as well as mass to solvent
ratio. From more than 100 experiments, mentioned parameters were chosen. Regarding gases: it is
important to have significant voltage to obtain discharge, if too low, there will be no discharge. For that
reason, 15 kV and 20 kV were chosen for argon, and 20 kV and 25 kV for nitrogen. For ethanol
concentration, pharmacopeia regulations were followed. The mixture of leaves and solvent was
transferred to beaker shaped reactor V = 100 mL. This reactor was opened on both sides and fitted
with silicone tops (diameter 1 cm). They were used for easier mounting of the electrode from the top
and needle form the bottom. Both, argon or nitrogen were introduced through the needle with a flow
of 5 L min−1. The gap between electrodes was 15 mm, while the set-up of generator and reactor is
shown in Figure 1. The high voltage probe (Tektronix P6015A) connected to the oscilloscope (Hantek
DS05202BM) was used to measure the output voltage (data not shown). Physical properties as pH,
conductivity (μs/cm), temperature and power consumption of the instrument were monitored before
and after HVED treatment and modified CE.

 
(A) (B) 

Figure 1. Set-up of generator and reactor for high voltage electrical discharges (HVED) treatments.
(A) HVED and plasma generator “IMP-SSPG-1200” (Impel group, Zagreb, Croatia); (B) Beaker
shaped reactor.

Experimental Design and Statistical Analysis

The experiment was designed in STATGRAPHICS Centurion (StatPoint Technologies, Inc,
Warrenton, VA, USA) software. Multifactorial design consisting of 12 experimental trials using
per each gas (argon and nitrogen). The three chosen independent variables were: (i) concentration of
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ethanol (0, 25 or 50%), voltage applied (15 kV or 20 kV for argon, and 20 kV or 25 kV for nitrogen)
and treatment time (3 and 9 min) (Table 1). Both extractions, HVED and CE were performed
in duplicates. The model was fitted by multiple linear regressions (MLR). Calculations were done at
95% of confidence level.

Table 1. Denotation of sample for high voltage electrical discharges (HVED) treatments.

ID Sample
Treatment Time

(min)
Voltage

(kV)
Ethanol Content

(%)
Stirring

(min)
Extraction

Type

1 3 OL0 0 0 0 3

CE

2 9 OL0 0 0 0 9
3 3 OL25 0 0 25 3
4 9 OL25 0 0 25 9
5 3 OL50 0 0 50 3
6 9 OL50 0 0 50 9

7 OLN1 3 20 50 /

HVED

8 OLN2 9 20 0 /
9 OLN3 3 20 0 /

10 OLN4 3 25 0 /
11 OLN5 9 25 25 /
12 OLN6 9 20 25 /
13 OLN7 9 20 50 /
14 OLN8 9 25 50 /
15 OLN9 3 25 25 /
16 OLN10 9 25 0 /
17 OLN11 3 25 50 /
18 OLN12 3 20 25 /
19 OLA1 3 15 50 /
20 OLA2 9 15 0 /
21 OLA3 3 15 0 /
22 OLA4 3 20 0 /
23 OLA5 9 20 25 /
24 OLA6 9 15 25 /
25 OLA7 9 15 50 /
26 OLA8 9 20 50 /
27 OLA9 3 20 25 /
28 OLA10 9 20 0 /
29 OLA11 3 20 50 /
30 OLA12 3 15 25 /

OL = olive leaf, N = nitrogen, A = argon. For HVED, numbers 1–12 are the order of conducted treatment. For CE
treatments, 3 and 9 are referred to treatment time (min) while 0, 25, and 50 stands for concentration of an ethanol
solvent (%).

Statistical analysis was done in STATGRAPHICS Centurion software (StatPoint Technologies, Inc,
Warrenton, VA, USA).

2.3. Determination of Total Phenolic Content (TPC)

Total Phenolic Content (TPC) of OLE was determined using Folin-Ciocalteu method (FC) as
previously described [35] with slight modification. Briefly, a volume of 0.1 mL of extract (appropriately
diluted) was mixed with 0.2 mL of FC reagent. After 3 minutes 1 mL of 20% Na2CO3 (m/v) was added.
After thorough mixing by vortex, the reaction mixtures were incubated at 50 ◦C for 25 min, followed by
absorbance reading at 765 nm against blank. The blank contained 0.1 mL of extraction solvent instead
of an extract. The calibration curve was prepared by gallic acid standard solutions (50–500 mg/L)
solubilized in ethanol. The absorbance was measured for each standard solution following the same
procedure as for extracts. The concentration of TPC was expressed in mg of gallic acid equivalents
per g of sample (mg GAE/g of sample).
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2.4. Determination of Antioxidant Capacity (AOC)

2.4.1. DPPH (2,2-Diphenyl-2-Picrylhydrazyl) Free Radical Assay

DPPH assay of OLEs was determined according to the previously reported procedure [36].
An aliquot (0.75 mL) of OLEs (appropriately diluted) was mixed with 1.5 mL of 0.5 mM DPPH
methanolic solution. After mixing, the solutions were stored in the dark for 20 min at room temperature
and then, the absorbance was measured at 517 nm against 100% methanol as a blank. The methanol
solution of Trolox (25–200 μM) was used for the calibration curve. The absorbance values for the
extracts were subtracted from the control sample (0.75 mL of 100% methanol and 1.5 mL of 0.5 mM
DPPH). The results were calculated using the calibration curve for Trolox and expressed as μmol of
Trolox equivalents per gram of samples (μmol TE/g of sample).

2.4.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was conducted according to the literature [37]. Prior to analysis, the FRAP
reagent was prepared by mixing 0.3 M acetate buffer (pH = 3.6), 10 mM 2,4,6-tri(2-pyridyl)-1,3,5-triazine
(TPTZ) solution in 40 mM hydrochloric acid and 20 mM FeCl3 in ratio 10:1:1. Furthermore, the FRAP
reagent (2080 μL) was mixed with 240 μL of distilled water and 80 μL of appropriately diluted OLE.
The mixture was vortexed and allowed to stand for 5 min at 37 ◦C prior to absorbance measurement at
595 nm. The amount of extract was substituted by the same amount of extraction solvent in blank.
The calibration curve was made by preparing a standard aqueous solution of FeSO4·7H2O (25–750 μM)
where absorbance was measured following the same procedure as described for extracts. FRAP values
were calculated according to the calibration curve for FeSO4·7H2O and expressed as μmol of Fe2+

equivalents (FE) per g of sample (μmol FE/g of sample).

2.5. NIR

NIR spectroscopy were conducted using the Control Development Inc. (South Bend, IN, USA),
NIR-128-1.7-USB/6.25/50 μm to record extract spectra using the SPEC 32 Control Development software.
NIR spectra was recorded in the wavelength range of 904 nm to 1699 nm. Each sample was recorded
in triplicate and afterwards was calculated the average spectrum which was used for further processing.
Since NIR spectra provide a large amount of data of one sample, PCA analysis was used to recognize
and extract the most important information from the measurements, thus reducing the amount of
data [38]. The PCA analysis was carried out on a part of spectrum that shows the difference between
the samples (absorbance from 1350 to 1699 nm). This method was implemented in XLStat (MS Excel
2010, Microsoft, Redmond, WA, USA; XLStat by Addinsoft, Paris, France).

2.6. UPLC-MS/MS

Determination of phenolic compounds was carried out on UPLC-MS/MS system Eskigent Expert
Ultra LC 110 and SCIEX 4500 QTRAP. Separation of the phenolic fraction of olive leaves were performed
by a Luna Omega 3μm Polar C18 100Å, 100 × 4.6 mm (column), thermostat column temperature 40 ◦C,
automatic sampling temperature 4 ◦C, and injection volume 10 μL. Mobile phases consisted of: A 100%
H2O with 0.1% HCOOH (v/v) and B 100% ACN with 0.1% HCOOH (v/v) with mobile phase flow
0.40 mL/min. Gradient was set as follows: 1 min 10% B, 2 min 10% B, 15 min 90% B, 25 min 90% B,
27 min 10% B, 30 min 10% B. Determination conditions for MS/MS detector were: negative atmospheric
pressure ionization mode (API); ionization temperature: 500 ◦C, Ion Spray voltage: −4500V, drying gas
temperature 190 ◦C and drying gas flow 9.0 L/min. Determination of phenolic compounds content
in extracts was carried out once. Quantitation of phenolic compounds was processed using Multiquant
3.6 (SCIEX, Darmstadt, Germany) software. Partial validation of method was carried out by measuring
6 replicas of added (spiked) standard (10 ng/mL) of oleuropein and oleanolic acid in two different
extracts with no trace of these compounds. Average recovery was 92.3% for oleuropein, 91.1% for
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oleanolic acid, standard deviation 1.108 ng/mL for oleuropein, standard deviation 0.956 ng/mL for
oleanolic acid, RSD 1.20% for oleuropein and RSD 1.05% for oleanolic acid.

2.7. Colorimetric Evaluation of OLEs

Color parameters for all trials (pure extract) was measured by Konica Minolta colorimeter (Model
CM 3500d, Konica Minolta, Tokyo, Japan) at CIE Standard Illuminant D65 by 8 mm thick plate.
All measurements were conducted in the Specular Component Included (SCI) mode as previously
reported [39]. Colorimetric values (L*, a*, b*) were measured and color change after HVED treatment
(ΔC, ΔH and ΔE) against untreated extracts (CE) was calculated. ΔL, Δa and Δb presents the difference
between colorimetric value of HVED extracts and untreated (CE) extracts. Hue (H) was calculated from:

H = arctan
(

b∗
a∗

)
(1)

Chroma (C) and the differences in tone color (ΔC) are calculated based on the following formula:

C =
√

a2 + b2 (2)

ΔC = CHVED extract − Cuntreated extract (3)

The total color difference (ΔE) was calculated on the basis of the measured parameters:

ΔE =
√

ΔL2 + Δa2 + Δb2 (4)

Saturation (ΔH) was determined based on the formula below:

ΔH =
√

ΔE2 − ΔL2 − ΔC2 (5)

2.8. Electrophoretic Light Scattering (ELS)

ELS measures the electrophoretic mobility of particles in dispersion or molecules in solution
in the way that combines light scattering with electrophoresis. The OLE is introduced into the cell
containing two electrodes. When an electric field is applied across the electrodes every charged particle
or molecule will migrate towards its oppositely charged electrode with velocity which is dependent
upon its charge. The measured electrophoretic mobility is converted to zeta potential using established
theories. Zeta-potential measurements of all extracts were made on a Malvern Zetasizer Ultra (Malvern
Panalytical, Malvern, UK) in a disposable folded capillary cells, thermostatted to 25 ◦C, at the forward
angle (13◦).

2.9. Dynamic Light Scattering (DLS)

DLS is a non-invasive analytical technique for measuring the size of particles and molecules
in suspension which undergo Brownian motion (random movement of particles). It requires accurate
and stable temperature because of sample viscosity. The velocity of the Brownian motion is defined
through a property known as the translational diffusion coefficient (D). The size of a particle
(hydrodynamic diameter) is calculated from the translational diffusion coefficient by using the
Stokes-Einstein equation. Measurements of all extracts were made on a Malvern Zetasizer Ultra
from Malvern Panalytical, UK in a disposable folded capillary cells, thermostatted to 25 ◦C, at the
non-invasive back scatter (NIBS, 173◦).

2.10. Determination of Pesticides and Metals in OLs

The content of the pesticides was measured by modified procedures with following national
regulations HRN EN ISO 12393-1,12393-2 and 12393-3: 2013, i.e., extraction with petroleum
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ether/dichloromethane and determination using the GC-ECD Varian CP-3800 instrument. Metal
trace content was determined according to the HRN EN ISO 14084: 2005 procedure, or by wet sample
digestion by HNO3 (microwave digestion) with Microwave reaction system Anton Paar, Multiwave
3000. Determination of metals were conducted on the Perkin Elmer AAS Analyst 800 and ICP-MS
Perkin Elmer NexION 300X (PerkinElmer, Inc. 940, Waltham, MA, USA), while Hg traces were
determined by the Leco AMA 254 Hg analyzer (LECO, St. Joseph, MI, USA).

3. Results and Discussion

3.1. Influence of HVED Treatment on Physical Parameters of OLEs

HVED was applied as an emerging non-thermal technology, with the aim to reduce extraction
time and enhance extraction efficiency at lower temperatures than it is usual for CE. Data for pH,
electrical conductivity, temperature, and power are given in Table 2.

Table 2. Average values of pH, conductivity (μS/cm) for untreated and HVED treated samples, starting
temperature (◦C), final temperature (◦C) and power (kW) after HVED treatments.

ID Sample pH
Conductivity

(μS/cm)
Starting Temperature

(◦C)
Final Temperature

(◦C)
Power
(kW)

Extraction
Type

1 3 OL0 5.54 ± 0.21 516.0 ± 4 20.8 ± 0.9 20.8 ± 0.5 /

CE

2 9 OL0 5.45 ± 0.11 349.0 ± 3 19.7 ± 0.4 19.7 ± 0.4 /
3 3 OL25 6.07 ± 0.09 139.2 ± 2.3 20.1 ± 0.2 20.1 ± 0.6 /
4 9 OL25 6.21 ± 0.15 141.6 ± 3.2 20.0 ± 0.5 20.0 ± 0.6 /
5 3 OL50 6.88 ± 0.12 36.6 ± 1.1 21.0 ± 0.4 21.0 ± 0.4 /
6 9 OL50 6.51 ± 0.11 41.3 ± 1.2 21.0 ± 0.7 21.0 ± 0.2 /

7 OLN1 6.46 ± 0.22 51.4 ± 1.2 26.4 ± 0.8 26.7 ± 0.8 12 ± 1

HVED

8 OLN2 5.80 ± 0.16 242.4 ± 3.3 24.2 ± 0.6 24.9 ± 0.3 12 ± 1
9 OLN3 5.87 ± 0.14 272.1 ± 2.3 25.2 ± 0.5 25.6 ± 0.6 12 ± 1

10 OLN4 5.65 ± 0.21 224.3 ± 3.2 24.8 ± 0.6 26.2 ± 0.6 19 ± 1
11 OLN5 5.93 ± 0.19 124.7 ± 1.2 23.4 ± 0.3 23.6 ± 0.5 17 ± 0
12 OLN6 5.85 ± 0.18 126.5 ± 2.5 24.3 ± 0.4 23.8 ± 0.4 12 ± 1
13 OLN7 6.11 ± 0.17 63.4 ± 1.3 23.5 ± 0.5 23.3 ± 0.6 10 ± 1
14 OLN8 6.09 ± 0.21 57.9 ± 1.1 22.7 ± 0.7 23.3 ± 0.3 20 ± 1
15 OLN9 6.00 ± 0.15 93.4 ± 1.2 25.5 ± 0.3 25.7 ± 0.4 19 ± 1
16 OLN10 5.78 ± 0.11 275.6 ± 3.1 23.3 ± 0.2 28.4 ± 0.6 22 ± 1
17 OLN11 6.10 ± 0.12 51.9 ± 1.1 28.2 ± 0.5 26.7 ± 0.7 19 ± 0
18 OLN12 5.99 ± 0.17 104.6 ± 1.2 25.9 ± 0.4 26.1 ± 0.6 14 ± 1
19 OLA1 6.45 ± 0.16 53.2 ± 1.1 23.7 ± 0.6 23.8 ± 0.6 7 ± 1
20 OLA2 5.30 ± 0.15 268.3 ± 3.4 23.6 ± 0.7 25.6 ± 0.6 9 ± 1
21 OLA3 5.21 ± 0.12 250.6 ± 4.5 23.6 ± 0.7 24.7 ± 0.5 10 ± 1
22 OLA4 5.28 ± 0.19 233.3 ± 3.2 23.7 ± 0.5 25.1 ± 0.4 14 ± 1
23 OLA5 5.77 ± 0.12 126.4 ± 2.3 24.3 ± 0.3 26.1 ± 0.3 16 ± 0
24 OLA6 5.88 ± 0.11 127.5 ± 2.3 24.0 ± 0.4 24.2 ± 0.6 7 ± 0
25 OLA7 6.32 ± 0.12 61.9 ± 1.6 23.9 ± 0.6 23.1 ± 0.6 9 ± 1
26 OLA8 6.25 ± 0.13 59.0 ± 1 23.2 ± 0.4 24.4 ± 0.5 13 ± 1
27 OLA9 6.00 ± 0.15 94.6 ± 2.0 23.8 ± 0.6 24.5 ± 0.6 14 ± 1
28 OLA10 5.18 ± 0.16 285.7 ± 3.8 24.5 ± 0.7 29.9 ± 0.4 16 ± 1
29 OLA11 6.36 ± 0.17 49.6 ± 1.3 24.5 ± 0.6 24.6 ± 0.7 12 ± 0
30 OLA12 5.88 ± 0.19 105.9 ± 2.8 24.2 ± 0.5 24.0 ± 0.6 7 ± 1

OL = olive leaf, N = nitrogen, A = argon. For HVED, numbers 1–12 are the order of conducted treatment. For CE
treatments, 3 and 9 are referred to treatment time (min) while 0, 25, and 50 stands for concentration of an ethanol
solvent (%).

3.2. Influence of HVED Treatment on TPC and Antioxidant Activity of OLEs

The influence of individual process parameters (treatment time, applied voltage, ethanol content)
and their interaction were evaluated for significance (p ≤ 0.05). It is important to emphasize that during
3 and 9 min of treatment time; temperature did not exceed 30 ◦C. In Table 3, results for extraction
yield, TPC and antioxidant activity (DPPH and FRAP) for CE and HVED extracts were given. It can
be seen that by using 50% ethanol (v/v) and HVED with argon for 9 min, high extraction yields were
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achieved as compared to CE-extracts. Also, 20 kV treatment for 3 min, with nitrogen gas gave 2,5-fold
higher yield in comparison to CE extracts. A recent study confirmed HVED as an extraction technique
with significant increase in yield due to disruptions of sample cells under electrical breakdown and
enhanced mass transfer [40].

All HVED treated samples resulted with higher TPC values than CE samples which implies that
HVED could be considered as an effective extraction tool at room temperature. The phenomena behind
HVED is electroporation, where strength of electric field is directly proportional to the poration of plant
cell membrane [1]. Moreover, it was found that higher ethanol/water ratio promote better polyphenolic
extraction, thus gave extracts with higher TPC content. Similar results were observed by Garcia-Castello et al.,
who found that higher ethanol concentration favored flavonoids’ extraction from grapefruit (Citrus paradisi L.)
solid wastes [41]. Authors explained that reduced dielectric constant of the solvent caused by ethanol could
led to enhanced solubility and diffusion of polyphenols from plant matrix. With respect to pure water as
an extraction solvent, it is clear that 2-6 times higher TPC values were determined for HVED extraction
systems (OLN2, 3, 4 and 10; OLA2, 3, 4 and 10) in comparison to CE samples.

Table 3. Concentrations of total phenolic content (TPC) values, antioxidant capacity (AOC) (2,2-Diphenyl-
2-Picrylhydrazyl - DPPH) and ferric reducing antioxidant power (FRAP)) and extraction yield in extracts
produced by conventional extraction (CE) and HVED.

ID Sample
TPC

(mg GAE/g)
DPPH

(μmol TAE/g)
FRAP

(μmol FE/g)
Yield
(%)

Extraction
Type

1 3 OL0 5.32 ± 0.02 27.06 ± 0.01 63.36 ± 2.24 0.53 ± 0.00
2 9 OL0 15.85 ± 0.11 31.10 ± 0.08 146.93 ± 3.54 1.58 ± 0.01
3 3 OL25 13.35 ± 0.08 24.78 ± 0.05 150.50 ± 4.57 1.33 ± 0.01 CE
4 9 OL25 16.04 ± 0.10 30.46 ± 0.07 179.07 ± 6.09 1.60 ± 0.01
5 3 OL50 14.06 ± 0.09 32.71 ± 0.06 159.79 ± 5.42 1.41 ± 0.01
6 9 OL50 20.61 ± 0.14 33.31 ± 0.08 221.93 ± 6.99 2.06 ± 0.01

7 OLN1 49.21 ± 0.10 31.49 ± 0.07 266.21 ± 7.53 4.92 ± 0.01
8 OLN2 29.82 ± 0.07 28.60 ± 0.05 208.36 ± 4.28 2.98 ± 0.01
9 OLN3 18.08 ± 0.08 25.96 ± 0.06 197.64 ± 2.00 1.81 ± 0.01
10 OLN4 33.12 ± 0.12 27.46 ± 0.08 199.79 ± 5.22 3.31 ± 0.01
11 OLN5 24.17 ± 0.05 31.31 ± 0.04 374.79 ± 6.74 2.42 ± 0.01
12 OLN6 26.95 ± 0.08 30.14 ± 0.09 308.36 ± 4.45 2.69 ± 0.01
13 OLN7 45.47 ± 0.06 30.49 ± 0.10 209.79 ± 2.01 4.55 ± 0.01
14 OLN8 47.21 ± 0.09 31.81 ± 0.08 229.79 ± 5.82 4.72 ± 0.01

HVED

15 OLN9 29.99 ± 0.07 28.35 ± 0.01 301.21 ± 4.68 3.00 ± 0.01
16 OLN10 28.95 ± 0.11 29.99 ± 0.08 256.21 ± 5.74 2.89 ± 0.01
17 OLN11 45.82 ± 0.16 27.96 ± 0.07 561.93 ± 9.11 4.58 ± 0.02
18 OLN12 35.03 ± 0.10 31.53 ± 0.02 284.07 ± 3.21 3.50 ± 0.01
19 OLA1 39.56 ± 0.08 30.78 ± 0.15 234.07 ± 2.66 3.96 ± 0.01
20 OLA2 32.69 ± 0.05 26.53 ± 0.08 145.50 ± 2.87 3.27 ± 0.00
21 OLA3 9.82 ± 0.04 29.71 ± 0.11 97.64 ± 1.15 0.98 ± 0.00
22 OLA4 26.69 ± 0.02 25.53 ± 0.08 169.07 ± 5.92 2.67 ± 0.00
23 OLA5 36.17 ± 0.04 29.60 ± 0.17 315.50 ± 4.00 3.62 ± 0.00
24 OLA6 31.21 ± 0.09 30.64 ± 0.02 321.21 ± 6.38 3.12 ± 0.01
25 OLA7 53.64 ± 0.14 29.85 ± 0.12 443.36 ± 5.21 5.36 ± 0.01
26 OLA8 65.99 ± 0.06 31.53 ± 0.01 237.64 ± 3.73 6.60 ± 0.01
27 OLA9 30.77 ± 0.05 26.81 ± 0.08 326.21 ± 2.16 3.08 ± 0.01
28 OLA10 21.21 ± 0.04 29.67 ± 0.05 196.21 ± 2.97 2.12 ± 0.00
29 OLA11 42.60 ± 0.11 32.53 ± 0.10 343.36 ± 3.01 4.26 ± 0.01
30 OLA12 26.43 ± 0.01 30.03 ± 0.08 354.07 ± 5.36 2.64 ± 0.00

OL = olive leaf, N = nitrogen, A = argon. For HVED, numbers 1–12 are the order of conducted treatment. For CE
treatments, 3 and 9 are referred to treatment time while 0, 25, and 50 stands for concentration of an ethanol solvent
(%). Percentage of yield was calculated as (g GAE/g of sample) × 100.

3.3. Influence of HVED Treatment on Soluble Phenolic Compounds in OLEs Analyzed by UPLC-MS/MS

A UPLC-MS/MS analysis of individual phenolic compounds has shown that main constituents
of phenolics in OLEs were as follows: apigenin, diosmetin, hydroxytyrosol, luteolin, oleanolic acid,
oleuropein, and quercentin (Table 4). It is obvious that there is an increase in content of phenolics
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with increase in ethanol concentration, likely due to increased solubility of phenolic compounds [42].
Oleuropein is the main constituent of OLE. Similar trend is shown for HVED treatment, with 50% ethanol
(v/v), where higher concentrations of hydroxytyrosol and oleuropein were observed Hydroxytyrosol,
which is a precursor of oleuropein, is scavenger of superoxide anions, and inhibitor of neutrophils
and hypochlorous acid-derived radicals [29]. It is also important to emphasize that the highest values
of phenolics in OLEs for HVED treated samples, were shown for OLA8 (argon gas, 9 min treatment,
20 kV, 50% ethanol) sample and OLN1 (nitrogen gas, 3 min, 20 kV, 50% ethanol). HVED extraction
at the highest voltage (25 kV) and 9 min extraction time, resulted in degradation of oleanolic acid
in OLE. This HVED technology with pulsed rapid discharge voltages (from 20 to 80 kV/cm electric
field intensity) is based on the phenomenon of electrical breakdown in liquids which induces physical
and chemical processes that affect both the cell walls and the membranes, while freeing intracellular
components [43]. Moreover, HVED generates hot and localized plasma during photonic dissociation of
water, with emission of the UV light and -OH radicals. At the same time, HVED will create shockwaves
and pyrolysis caused by electrohydraulic cavitation [44]. HVED or other electrically assisted extractions
are less thermally destructive than CE, and they are useful for extraction of specific thermolabile
BACs. With increased effectiveness, such extracts are obtained at lower temperatures in a shorter
period [45]. Another study found HVED as and efficient pre-treatment technique that intensifies pectin
recovery from sugar beet pulp without modification of pectin structure and chemical composition [46].
For extraction of proteins and polyphenols from olive pit, HVED was found to be faster as compared
to UAE or PEF [47]. This treatment retained more proteins and polyphenols in processing, thus
demonstrating a promising technique for production of essential oils from oilseeds and herbs [48].
With generating electric fields and electrical discharges of up to 25 kV, there is additional formation of
free radical species (ROS and RNS). This can be negative and destabilizing effect for sensitive bioactive
compounds, especially in a long non-controlled treatment, where they can deteriorate [30]. This can be
avoided by optimizing HVED treatment and shorter treatment time, as well to use gases in HVED
treatments to reduce oxidation of phenolics and another compound of antioxidant potential.

UPLC-MS/MS analysis chromatograms of untreated and HVED treated OLs samples are shown
in Figure 2a,b, Figure 3a,b, Figure 4a,b).

Figures 2a, 3a and 4a represent total ion chromatogram (TIC) of certain extract and in these
chromatograms all MRM (multiple reaction monitoring) transitions of the method are included. On the
x axis is intensity and on the y axis is time of elution or retention time (RT) of certain analyte.

Figures 2b, 3b and 4b represent extracted ion chromatogram (XIC) of certain extract and in these
chromatograms only certain MRM-s transitions of the compounds are included. On the x axis is intensity
and on the y axis is time of elution or retention time (RT) of certain analyte. In Figure 2b (Apigenin,
Hydroxytyrosol, Oleanolic acid and Oleuropein), Figure 3b (Apigenin, Hydroxytyrosol, Oleanolic
acid, Oleuropein and Luteolin) and Figure 4b Apigenin, Hydroxytyrosol, Diosmetin, Oleuropein
and Luteolin).
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3.4. Influence of HVED Treatment on Color Parameters of OLEs

OLEs color parameters did not change significantly after the HVED treatments (Table 5). HVED
treated OLEs had higher values of colorimetric variables a* (more red), b* (more yellowish), C (more
tone color) and H (more saturated) than CE extracts, while average L* parameter was lower (darker
samples) for HVED OLEs. Total difference in tone color (ΔC), saturation (ΔH) and total color (ΔE)
after HVED treatment was lower when using nitrogen gas comparing to argon. The highest difference
in tone color (ΔC) and total color difference (ΔE) was observed for HVED samples with 50% ethanol
(v/v) (OLN1, OLA1) and 9 min treatment (OLN6 and OLA5). The highest change in saturation (ΔH)
was noted for HVED treated samples for 9 min (OLN7 and OLA5). Due to the electroporation effect of
plant cells, there is a possibility of an extraction of different molecules depending on the diameter of
the pore on electroporated plant membrane [29].

Table 5. CIELab color parameters of CE and HVED treated OLEs.

ID Sample L* a* b* C H ΔC ΔH ΔE
Extraction

Type

1 3 OL0 81.86 4.96 42.70 42.99 1.46 / / /

CE

2 9 OL0 82.06 6.59 46.76 47.22 1.43 / / /
3 3 OL25 89.56 0.06 30.53 30.53 1.57 / / /
4 9 OL25 91.02 −0.37 31.26 31.26 −1.56 / / /
5 3 OL50 94.12 −3.82 27.89 28.15 −1.43 / / /
6 9 OL50 91.03 −3.82 38.68 38.87 −1.47 / / /

7 OLN1 80.34 −2.69 45.25 45.33 −1.51 17.18 2.74 22.19

HVED

8 OLN2 79.75 7.78 44.90 45.57 1.40 −1.65 1.46 3.20
9 OLN3 81.28 6.06 42.60 43.03 1.43 0.04 1.10 1.25
10 OLN4 80.38 4.01 40.60 40.80 1.47 −2.19 0.72 2.74
11 OLN5 82.35 1.17 29.06 29.08 1.53 −2.18 1.57 9.08
12 OLN6 81.25 −2.59 45.68 45.75 −1.51 14.49 1.69 17.56
13 OLN7 84.44 2.87 36.30 36.41 1.49 −2.45 6.66 9.69
14 OLN8 86.03 −3.34 42.78 42.91 −1.49 4.04 0.84 6.48
15 OLN9 83.26 0.59 26.29 26.30 1.55 −4.23 0.58 7.61
16 OLN10 80.90 6.73 47.19 47.67 1.43 0.45 0.08 1.25
17 OLN11 88.01 −3.70 40.73 40.90 −1.48 12.75 1.54 14.22
18 OLN12 85.42 0.55 27.78 27.79 1.55 −2.74 0.52 4.99
19 OLA1 84.82 −2.01 41.69 41.74 −1.52 13.59 3.01 16.74
20 OLA2 78.28 10.44 52.28 53.31 1.37 6.09 2.86 7.72
21 OLA3 86.90 3.20 41.42 41.54 1.49 −1.44 1.63 5.49
22 OLA4 80.40 8.10 48.30 48.97 1.40 5.99 2.32 6.58
23 OLA5 80.45 4.78 47.39 47.63 1.47 16.37 4.33 19.96
24 OLA6 83.55 2.67 41.24 41.33 1.51 10.06 2.75 12.83
25 OLA7 83.12 −1.37 43.09 43.11 −1.54 4.24 2.73 9.38
26 OLA8 85.95 −2.71 38.36 38.46 −1.50 −0.41 1.08 5.21
27 OLA9 82.62 2.21 37.57 37.63 1.51 7.10 1.92 10.12
28 OLA10 78.98 9.06 50.87 51.67 1.39 4.45 1.79 5.70
29 OLA11 84.57 −2.25 36.37 36.44 −1.51 8.29 2.38 12.87
30 OLA12 82.27 2.50 36.80 36.88 1.50 6.35 2.21 9.92

OL = olive leaf, N = nitrogen, A = argon. For HVED, numbers 1–12 are the order of conducted treatment. For CE
treatments, 3 and 9 are referred to as treatment time while 0, 25, and 50 stands for concentration of an ethanol solvent
(%). L*—lightness from black to white; a* from green to red, and b* from blue to yellow; C—chroma/tone color;
H—hue angle; ΔC—total tone color difference; ΔH—total saturation difference; ΔE—total color difference.

3.5. Influence of HVED Treatment and Electroporation Phenomena on Particle Size and Zeta Potential of OLEs

Immediately after electroporation, plant cells swell in four stages with leakage of ions to the
outer cellular area. That is the period for the extraction of different molecules (including phenolics)
that depends on the pore size. HVED treatment inflicts damage to the membranes by generating
shock waves that are characteristic for the discharge. Hence, HVED has an important contribution to
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the mechanical damages, disintegration of cellular walls, homogenization and aggregation of cells.
The results from electroporation on OLs are shown in Table 6.

Table 6. Results of particle size and zeta potential analysis for CE and HVED treated samples.

ID Sample
Z Average Mean

(d·nm)
PI

Zeta potential
(mV)

Extraction
Type

1 3 OL0 541.55 ± 6.38 0.62 ± 0.01 −9.31 ± 0.47

CE

2 9 OL0 370.60 ± 4.57 0.69 ± 0.06 −7.96 ± 0.25
3 3 OL25 270.45 ± 3.65 0.63 ± 0.11 −11.30 ± 2.44
4 9 OL25 303.25 ± 4.56 0.68 ± 0.08 −8.98 ± 1.12
5 3 OL50 333.10 ± 4.58 0.54 ± 0.00 −10.43 ± 0.81
6 9 OL50 166.50 ± 2.92 0.56 ± 0.06 −18.07 ± 0.12

7 OLN1 394.60 ± 3.81 0.41 ± 0.03 −27.13 ± 1.46

HVED

8 OLN2 672.00 ± 7.83 0.48 ± 0.06 −15.77 ± 0.30
9 OLN3 751.35 ± 9.64 0.73 ± 0.04 −17.79 ± 0.66
10 OLN4 1545.50 ± 15.01 0.65 ± 0.04 −18.87 ± 1.45
11 OLN5 139.30 ± 2.45 0.32 ± 0.04 −53.77 ± 0.27
12 OLN6 203.70 ± 3.65 0.53 ± 0.05 −45.99 ± 5.52
13 OLN7 653.15 ± 6.83 0.95 ± 0.14 −22.21 ± 0.37
14 OLN8 378.15 ± 3.63 0.59 ± 0.07 −33.25 ± 1.46
15 OLN9 279.15 ± 3.72 0.28 ± 0.01 −28.09 ± 0.88
16 OLN10 952.40 ± 9.43 0.71 ± 0.10 −16.43 ± 0.10
17 OLN11 193.50 ± 1.23 0.36 ± 0.08 −31.94 ± 2.48
18 OLN12 304.05 ± 4.72 0.32 ± 0.04 −36.44 ± 2.44
19 OLA1 452.90 ± 6.74 0.60 ± 0.06 −23.81 ± 0.75
20 OLA2 1551.50 ± 16.63 0.85 ± 0.13 −19.76 ± 0.37
21 OLA3 318.20 ± 3.74 0.42 ± 0.05 −16.96 ± 0.40
22 OLA4 846.95 ± 8.72 0.71 ± 0.15 −17.53 ± 0.23
23 OLA5 177.25 ± 1.53 0.43 ± 0.04 −54.14 ± 2.72
24 OLA6 183.25 ± 1.74 0.26 ± 0.00 −36.95 ± 0.26
25 OLA7 447.40 ± 2.82 0.50 ± 0.11 −29.91 ± 0.03
26 OLA8 369.40 ± 2.76 0.63 ± 0.06 −35.07 ± 0.73
27 OLA9 198.45 ± 1.34 0.31 ± 0.03 −41.08 ± 4.01
28 OLA10 506.95 ± 5.45 0.69 ± 0.06 −19.41 ± 0.10
29 OLA11 522.55 ± 6.28 0.48 ± 0.10 −23.29 ± 1.53
30 OLA12 164.70 ± 1.28 0.46 ± 0.00 −35.08 ± 5.12

OL = olive leaf, N = nitrogen, A = argon. For HVED, numbers 1–12 are the order of conducted treatment. For CE
treatments, 3 and 9 are referred to treatment time (min) while 0, 25, and 50 stands for concentration of an ethanol
solvent (%).

Physical properties of obtained extracts were tested for polydispersity index (PI) and zeta potential
(mV). Data indicate possible usage of HVED technology in industry for simultaneous extraction and
nanoformulation, i.e., for production of stable emulsion systems. From values of zeta potential, it is
shown that the initial average diameter of particles in CE samples with ethanol are >300 nm. For HVED
samples with argon or nitrogen and 25% ethanol content (v/v) (OLN 5, 6, 9, 12 and OLA5, 6, 9, 12)
droplet diameter decreases, which is directly linked with negative zeta potential of −30 mV, indicating
good stability against coalescence [49]. Zeta potential is often used as an indicator for droplet stability,
where positive values above +30 mV and below negative −30 mV indicate good stability against
coalescence are electrochemical balance. Therefore, by using OLs, in systems with 25% ethanol content
(v/v) it is possible to produce stable emulsion systems and nanoparticles.

The PI, which is a measure of homogeneity, was above 0.3. Ideally, PI should be <0.3, while values
higher than 0.3 implicate broad distribution size and suggested particles are not monodispersed.
Values for statistical analysis (Tables 7 and 8) are indicating there was a statistically significant effect of
ethanol content on ELS for argon samples, and for DLS for nitrogen. Also, it should be mentioned that
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HVED samples with water (OLA2, 3, 4, 10 and OLN2, 4, 10) had increased zeta potential and average
diameter of particles, where surface charge of particles indicates formation of unstable particle systems.

3.6. Statistical Analysis of HVED Treatment Parameters and Ethanol Influence in Extraction of Bioactive
Compound Form OLEs

Table 7. Statistical significance for pH, conductivity, temperature difference, power, dynamic light
scattering (DLS), polydispersity index (PI), electrophoretic light scattering (ELS), L*, a*, b*, total phenolic
content (TPC), ferric reducing antioxidant power (FRAP), DPPH and yield of extraction. The MANOVA
table decomposes the variability of each parameter into contributions due to various factors for OLE
treated with argon.

Source

Main Effects Interactions

A: Treatment
Time

B: Voltage
C: Ethanol

Content
AB AC BC

p-value

pH 0.1751 0.4805 0.0037 0.2276 0.5162 0.7081
Conductivity 0.0431 0.5992 0.0017 0.2722 0.3039 0.8873
Temperature

difference 0.0867 0.0588 0.0564 0.1082 0.1968 0.6541

Power 0.2380 0.0099 0.2097 0.3828 0.8125 0.2500
DLS 0.6704 0.7696 0.3177 0.3569 0.6945 0.8880
PI 0.4634 0.6328 0.2114 0.9126 0.7919 0.9259

ELS 0.0703 0.1162 0.0163 0.2681 0.4337 0.1984
L* 0.3500 0.5867 0.3631 0.5392 0.4922 0.6159
a* 0.2793 0.6684 0.0474 0.5779 0.5319 0.7388
b* 0.1225 0.8636 0.1252 0.8647 0.5679 0.3522

TPC 0.1972 0.4714 0.1067 0.6437 0.6604 0.9387
FRAP 0.6781 0.9773 0.1791 0.4250 0.8373 0.7394
DPPH 0.7467 0.8024 0.2450 0.2872 0.6684 0.4903

Yield of extraction 0.1982 0.4710 0.1072 0.6450 0.6633 0.9392

Where A determines treatment time, B stands for voltage and C stands for ethanol content. The p-values present the
statistical significance of each of the factors.

Table 8. Statistical significance for pH, conductivity, temperature difference, power, DLS, PI, ELS, L*,
a*, b*, TPC, FRAP, DPPH and yield of extraction. The MANOVA table decomposes the variability of
each parameter into contributions due to various factors for OLs treated with nitrogen.

Source

Main Effects Interactions

A: Treatment
Time

B: Voltage
C: Ethanol

Content
AB AC BC

p value

pH 0.1610 0.1516 0.0255 0.1209 0.2870 0.2384
Conductivity 0.3678 0.7244 0.0128 0.4040 0.8518 0.9879
Temperature

Difference 0.1782 0.1677 0.0829 0.1081 0.2583 0.1489

Power 0.5736 0.0046 0.4091 0.1835 0.1957 0.1552
DLS 0.4132 0.3820 0.0277 0.3044 0.1810 0.0969
PI 0.2785 0.4608 0.2353 0.7913 0.3141 0.5596

ELS 0.2004 0.3594 0.0295 0.2676 0.1189 0.4675
L* 0.6960 0.4382 0.2718 0.9382 0.6644 0.4497
a* 0.4285 0.4968 0.0706 0.9572 0.5046 0.4027
b* 0.4367 0.5694 0.2359 0.9952 0.4904 0.5976

TPC 0.7034 0.8342 0.0652 0.7084 0.5300 0.5030
FRAP 0.5573 0.2974 0.3888 0.6255 0.3050 0.6206
DPPH 0.1798 0.8050 0.1974 0.1946 0.6913 0.4720

Extraction Yield 0.7026 0.8341 0.0650 0.7089 0.5312 0.5062

Where A determines treatment time, B stands for voltage and C stands for ethanol content. The p-values present the
statistical significance of each of the factors.
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3.7. NIR and PCA Analysis of HVED Treated OLEs

NIR spectra were recorded in the wavelength range of 904–1699 nm for OLEs treated with
argon and nitrogen for 3 and 9 min (Figures 5 and 6). Based on their absorbance, they show no
significant differences. However, in the ranges 904–928 and 1350–1699 nm, wavelength shifts are visible,
indicating changes in the third and second overtone of the C–H and O–H relations. These relations
are also associated with the hydroxyl group (–OH) bound directly to aromatic hydrocarbon group.
The PCA was used for identifying patterns and highlighting similarities and differences in the data for
an individual set of experiments. The goal of PCA was to extract the important information from the
data table and express it as a set of new orthogonal variables, called principal components or factors.
Figures 7 and 8 show spatial projections defined by the first two main components labeled with F1
and F2 for HVED treated and untreated samples. Although several input variables described the
variability of the whole system, often a large part of that variability is described by a small number of
variables that are the main components. If this is met, the main components contain the same amount
of information as input variables. In this case, the main components F1 and F2 comprise 93.36%
variance of the original data for all the samples. Analysis of major components reveals connectivity
among variables and allows interpretation that is otherwise difficult. The PCA analysis implies finding
the values of the covariance matrix samples. The input data for the analysis of the main components
are p variables and n observations (individual) and have a matrix shape p × n. The analysis begins with
p variables data for n measurements (observations) using k main components (k < p) without losing
system information. Main components represent the direction of maximum variability and provide
a simpler description of the structure data set. The first principal component is the linear combination
of the Y variables that accounts for the greatest possible variance, i.e., F1 (61.31%), while the other
contains 32.05% variance.

Figure 7 shows the distribution of samples with respect to the extraction parameters for argon
treated and untreated samples, while Figure 8 shows the distribution for nitrogen treated and untreated
samples. With higher proportion of ethanol in the solvent and with the longer treatment time, larger
influence on the chemical compounds and origin of changes can be detected by NIR analysis (3th
and 4th quadrant). For both PCA analysis, in the 1st and 2nd quadrant, there are samples extracted
with pure water (0% ethanol) and 25% ethanol (v/v) or extracted for a shorter treatment time with
or without HVED treatment. It can be seen the trend of motion patterns by the “strength” of the
treatment in clockwise direction. Thus, in Figure 7, in 1st quadrant, samples were subdivided into
0 or 25% ethanol (v/v), treated for 3 or 9 minutes and a voltage of 15 or 20 kV. In the 4th quadrant
there are samples extracted with 25 or 50% ethanol solution, treated for 3 or 9 minutes, 15 or 20 kV,
while in 3rd quadrant there are samples that had powered treatment, meaning the extraction with 50%
ethanol, untreated or HVED treated for 3 minutes at 20 kV. In Figure 8, in the 1st quadrant, samples
were subdivided into 0 or 25% ethanol, treated for 3 minutes and with a voltage of 20 or 25 kV. In the
4th quadrant there are samples extracted with 25 or 50% ethanol, treated for 3 or 9 minutes, and 20 or
25 kV. In the 3rd quadrant is placed powered treated samples, meaning extraction with 25% or 50%
ethanol, CE or HVED treatment for 3 or 9 minutes and voltages of 20 kV or 25 kV. The conclusion is
that ethanol and applied HVED voltage have strong association with the extraction and corresponding
changes in plant material. When ethanol is combined with HVED this destroys the linkage between
phenolic compounds and components of the plant material to which they are bound.
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Figure 5. NIR spectra recorded in the wavelength range of 904 nm to 1699 nm for OLEs treated with
argon for 3 and 9 min (NL: untreated olive leaves).
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Figure 6. NIR spectra recorded in the wavelength range of 904 nm to 1699 nm for OLEs treated with
nitrogen for 3 min and 9 min (NL: untreated olive leaves).
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Figure 7. The PCA of untreated and HVED treated samples. The data is denoting untreated OLEs (CE),
and OLEs treated with HVED using argon. Q stands for quadrant.

 
Figure 8. The PCA of untreated and HVED treated samples. The data is denoting untreated OLEs (CE),
and OLEs treated with HVED using nitrogen. Q stands for quadrant.

3.8. Analysis of Pesticides and Metals in OL Samples

Tables 9 and 10 show the content of pesticides and metals in initial samples taken for extraction.
It is evident that samples have lower levels than set as maximum levels in REGULATION (EC)
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No 396/2005 on maximum residue levels (MRLs) of pesticides in or on food and feed of plant and
animal origin and amending Council Directive 91/414/EEC and for metals according to COMMISSION
REGULATION (EC) No 1881/2006. All extracts were compliant regarding content of contaminants,
pesticide residues and toxic metals.

Table 9. Residue levels and maximum residue levels (MRLs) of pesticides (mg/kg) in olive leaves
(OLs) samples.

Pesticides MRL mg/kg Content mg/kg

Alachlor 0.02 <0.005
Aldrin and Dieldrin (Aldrin and dieldrin combined expressed as dieldrin) 0.01 <0.002
Captan (Sum of captan and THPI, expressed as captan) 0.06 <0.020
DDT (sum of p,p´-DDT, o,p´-DDT, p-p´-DDE and p,p´-TDE (DDD)
expressed as DDT) 0.05 <0.004
Endosulphan (sum of alpha- and beta-isomers and
endosulphan-sulphate expresses as endosulphan) 0.05 <0.002
Endrin 0.01 <0.004
Heptachlor (sum of heptachlor and heptachlor epoxide expressed
as heptachlor) 0.01 <0.002
Hexachlorobenzene 0.01 <0.002
Hexachlorocyclohexane (HCH), alpha-isomer 0.01 <0.002
Hexachlorocyclohexane (HCH), beta-isomer 0.01 <0.002
Iprodione 20 <0.010
Lindane (Gamma-isomer of hexachlorocyclohexane (HCH)) 0.01 <0.002
Methoxychlor 0.01 <0.010
Tolylphluanid (Sum of tolylphluanid and
dimethylaminosulphotoluidide expressed as tolylphluanid) 0.05 <0.020
Vinclozolin 0.02 <0.002

Table 10. Residue levels and MRLs of metals.

Metals MRL mg/kg Content mg/kg

Lead (Pb) 3.00 <0.050
Cadmium (Cd) 1.00 0.011
Mercury (Hg) 0.50 0.023
Arsenic (As) - <0.005
Chromium (Cr) - 0.240
Nickel (Ni) - 1.82
Manganese
(Mn) - 52.0

Iron (Fe) - 101
Copper (Cu) - 9.70
Zinc (Zn) - 15.0

3.9. Critical Consideration on Costs of Equipment and Application of HVED for Extraction

The nonthermal processing market, was valued at USD 760.7 Million in 2016. It is projected to
reach USD 1224.2 million by 2022, at a CAGR of 8.4% from 2017 reported by Markets and Markets™.

This aim of this paper and extensive analysis was to propose the possible application of HVED for
the extraction of bioactive compounds from OLs. The aim was also, to emphasize use of water and
ethanol as green solvents for efficient extraction of phenolic compounds. However, there should be
critical discussion of the obtained results regarding costs of equipment and analysis, as well as short-
and long-term improvements and possibilities of use of nonthermal technology like HVED. Regarding,
nonthermal processing techniques like ultrasound, high pressure processing, pulsed electric fields,
moderate electric fields, supercritical CO2 and subcritical water extraction, as extraction techniques,
the high installation cost is a major restraining factor for this market. Inability to shift from conventional
thermal technologies by large players is a major challenge for the nonthermal processing market.
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Therefore, there should be extensive research studies of environmental, economic and energy efficient
nonthermal processing.

The most used extraction techniques are the conventional techniques, like Soxhlet, heat reflux,
boiling and distillation. These techniques are mostly based on the use of mild/high temperatures
(50–90 ◦C) that can cause thermal degradation. The extraction efficiency is dependent of the correct
solvent choice, and the agitation intensity in order to increase the solubility of materials and the mass
transfer rate. CE is being reflected on long extraction times, high costs, usage of organic solvents and
low extraction efficiency consequent low extraction yields. Also, there is potential for overheating of
the matrix (herbs), high energy consumption and general cost.

The principal advantages of HVED against thermal conventional extraction procedures are related
with the increased mass transfer, improved extraction yield, decreased processing time, decreased
intensity of the conventional extraction parameters (i.e., extraction temperature, selection of solvents
and solvent concentration), reduction of heat-sensitive compounds degradation (flavors etc.), facilitation
of purified extract and reduction of energy costs and environmental impact.

For the highest energy inputs, in this study, there is a significant increase in conductivity,
antioxidant activity and total phenolic compounds when compared with the control (a mixture of
solvent in the same conditions as treated samples).

Therefore, a short-term overview is that HVED is an effective, but expensive technology, regarding
the cost of equipment, high input cost due to the input feed gas (Ar, N2, He), and chemical residues and
toxicological effects have not been studied yet. Possible application to scale-up of HVED to industry
requires high capital cost and high energy consumption. Also, there are unresearched risks of corrosion
rates of electrodes (the low-cost stainless steel has the highest corrosion rates).

However, long term potential is that there is low operational cost about electricity consumption
(i.e., 90 kW/h × 0.05$/kW/h = 4.5 $/h). Advanced application of nonthermal techniques, like HVED,
is that they can operate at room temperature ensuring that compound denaturation is avoided or at
least decreased. HVED technology involves the application of short duration pulses (from several
nanoseconds to several milliseconds) of high electric field strengths (20–80 kV cm−1) and relatively
low energy (1–10 kJ/kg). HVED equipment comprises a high-voltage pulse generator, a treatment
chamber with a suitable fluid handling system, system of gas delivery and a monitoring and controlling
system. The herb (sample) is exposed to the electric field pulses in a static or continuous chamber
with at least two electrodes, one on high voltage and the other at ground potential. The sample is
submitted to a force per unit charge (the electric field) that is responsible for the cell disintegration
(electroporation phenomena).

Therefore, there is long term sustainable application of electrotechnologies like HVED in pharma,
food, cosmetics industry etc.

4. Conclusions

The purpose of this extensive study was to evaluate and standardize advanced food technology,
as HVED cold plasma-based tech, while accounting for green chemistry and modern sustainability and
using autochthonous Mediterranean OLs (Olea europaea L.), so their extracts can be further available
for industrial production. Such green extracts are abundant in antioxidants and phenolic components
and are beneficial for human health and industrial production (food additives).

HVED extraction resulted in effective extraction of phenolic components from leaves when
comparing to CE. Highest values of phenolics in OLEs, were shown for HVED treatment with argon
gas, 9 min treatment, 20 kV and 50% ethanol; and HVED treatment with nitrogen gas, 3 min, 20 kV
and 50% ethanol. HVED extraction at the highest voltage (25 kV) and 9 min extraction time, resulted
in the degradation of oleanolic acid in OLEs. This study confirmed that HVED is an extraction
technique with significant yield due to disruptions of sample cells under electrical breakdown and
enhanced mass transfer. For total phenolic content, all HVED samples had higher values (mg GAE/g)
than untreated samples at the same temperature. The conclusion is that ethanol and applied HVED
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voltage, have strong linkage with changes caused by the treatment. Ethanol in combination with
HVED, destroys the bond between phenolic compounds and plant material to which they are bound.
From values of zeta potential, it is shown that the initial average diameter of particles in untreated
samples with ethanol are around or below 300 nm. Hence, data indicate possible usage of HVED
technology for simultaneous extraction and production of nanoemulsions.

In conclusion, green OLEs obtained by green solvents (water/ethanol) and green technology with
energy saving (HVED), matched the principles of green engineering and modern sustainability while
having high nutritive value, e.g., they were rich in antioxidants and phenolic components [2,4,50].
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Abstract: Beetroot is a root vegetable rich in different bioactive components, such as vitamins,
minerals, phenolics, carotenoids, nitrate, ascorbic acids, and betalains, that can have a positive effect
on human health. The aim of this work was to study the influence of the pulsed electric field (PEF)
at different electric field strengths (4.38 and 6.25 kV/cm), pulse number 10–30, and energy input
0–12.5 kJ/kg as a pretreatment method on the extraction of betalains from beetroot. The obtained
results showed that the application of PEF pre-treatment significantly (p < 0.05) influenced the
efficiency of extraction of bioactive compounds from beetroot. The highest increase in the content of
betalain compounds in the red beet’s extract (betanin by 329%, vulgaxanthin by 244%, compared to
the control sample), was noted for 20 pulses of electric field at 4.38 kV/cm of strength. Treatment of
the plant material with a PEF also resulted in an increase in the electrical conductivity compared to
the non-treated sample due to the increase in cell membrane permeability, which was associated with
leakage of substances able to conduct electricity, including mineral salts, into the intercellular space.

Keywords: pulsed electric field; extraction; bioactive compounds; red beet

1. Introduction

Beetroot (Beta vulgaris L.) is part of the Chenopodiaceae family and has originated in Asia and
Europe. The red beetroot variety, a cultivated form of Beta vulgaris subsp. vulgaris (conditiva), is widely
used all over the world to produce pickles, salad, or juice [1]. Beetroot contains many functional
components, such as vitamins, minerals (potassium, sodium, phosphorous, calcium, magnesium,
copper, iron, zinc, manganese), phenolics, carotenoids, nitrate, and ascorbic acids that promote health
benefits [2]. In fact, polyphenols, carotenoids, and vitamins present in beetroot have been recognized to
have antioxidant, anti-inflammatory, anticarcinogenic, and hepato-protective activities, which can help
in the prevention of many diseases, such as cardiovascular disease or hypertension and diabetes [3].

The characteristic red purple color of beetroot derives from betalain, water soluble pigments
found in plants of the Caryophyllales order [4]. Depending on their chemical structure, betalains can
be divided into red-purple and violet betacyanins (betanin, isobetanin, probetanin, and neobetanin)
or yellow betaxanthins (vulgaxanthin, miraxanthin, portulaxanthin, and indicaxanthin) [5]; and the
redness of beetroot depends on the ratio between the two classes [6]. For example, it was observed
that the intact beetroot plant extracts contain about 40 mg/g dm of betalains, from which 20.75 mg/g
dm are betacyanins and 19.01 mg/g dm are betaxanthins [2]. Slavov et al. [3] studied the individual
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betalain compounds content in pressed juice from beetroot, showing that the most abundant were
betanin, followed by vulgaxanthin and isobetanin.

Betalain pigments can generally exhibit health benefits as antioxidants, anti-cancer, anti-lipidemic,
and antimicrobial agents [5,7]. They are mostly used as food dyes due to non-precarious, non-toxic,
non-carcinogenic, and non-poisonous nature [2]. Therefore, there is an increasing interest of food
industries in the extraction of this natural food colorant. In order to extract the pigments from
plant material, the disruption of membranes is necessary, and this is usually obtained through the
application of detergents, solvents, or thermal treatments [8]. The latter is the preferred method for
color concentrates production; however, betalain is highly sensitive to heat. Therefore, alternative
methods are necessary in order to prevent the discoloration of the pigments [9]. In recent years, the use
of novel and mild methods has been investigated, including, among others, the microwave [9,10] and
ultrasound [11,12] assisted extraction . Another promising technique could be application of pulsed
electric field (PEF) that, applied as a pre-treatment for the extraction, allows the selective recovery of
bioactive compounds, at the same time reducing the energy and time required in the process.

PEF is the application of short time pulsed with high voltage into the food product placed between
two electrodes [13,14], thus promoting the modification of membrane permeability and the increase of
the extraction yield [15,16].

Recently, PEF treatment has been applied in order to recover pigments from beetroot.
Fincan et al. [17] observed a release of about 90% of total red coloring from beetroot subjected
to 270 rectangular pulses of 10 μs at 1 kV/cm field strength and total energy of 7 kJ/kg. López et al. [18]
and Luengo et al. [19] studied the influence of different PEF parameters, such as electric field strength,
pulse number, pulse duration, and specific energy applied on the extractability of betanin from the
beetroot cylinders. Similarly, Chalermchat et al. [20] evaluated the impact of PEF treatment on the red
pigment in beetroot discs. However, in the cited works, PEF was applied only on a single geometry
(cylinder or disc), while we assumed that this parameter could also have an influence on the extraction.
Moreover, in most cases, the efficiency of extraction was assessed only by measuring the difference
in the color of the extracts. Hence, our goals in the present research were to compare (i) the impact
of mechanical preparation (cylinders or pulp) and (ii) the impact of PEF pre-treatments on different
geometric forms on extractability of beetroot pigments. For these aims, beetroot was subjected to
cutting into cylinders or pulping and different PEF conditions (electric field strength between 4.38
and 6.25 kV/cm, pulse number in the range of 10–30, energy input in the range of 0–12.5 kJ/kg) as
pre-treatments for the extraction of selected red (betanin) and yellow (vulgaxanthin) pigments.

2. Materials and Methods

2.1. Preparation of Samples

Beetroot (Beta vulgaris L.) was purchased from a local market (Warsaw, Poland). Products with
a similar degree of maturity and characterized by similar dimensions were selected for the study.
The raw materials were stored at 4 ◦C until the start of the experiments (not longer than one week).
Before each experiment, the vegetables were removed from the cooling chamber, allowed to reach
room temperature, and then washed. The beetroot was cut into 7 mm height slices, and then cylinders
with a diameter of d = 15 mm were obtained using a cork borer. An electric mill was used to crush the
cylinders to obtain a pulp.

2.2. PEF Treatement

A prototype PEF generator ERTEC-RI-1B (ERTEC, Wroclaw, Poland) with output high-voltage
impulse up to 30 kV and capacitance of 0.25 μF reactor was used. The generator provided monopolar,
exponential shaped pulses with an average width of 10 μs and an interval between pulses equal
to 2 s, which allows minimization of the temperature increase during the electric field application.
The treatment chamber (diameter of 40 mm, height of 16 mm), made of dielectric material (Corian) and
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two stainless-steel lids, consists of a spark gap controlling the flow of electrical impulses and a set
of electrodes (stationary and mobile). Both stationary and mobile electrodes were connected to the
PEF generator.

Beetroot samples (8 cylinders) were placed in the treatment chamber. Next, to ensure a good
contact between the electrodes and the tested material, the chamber was filled with a phosphate
buffer at pH = 6.5 and closed using a mobile electrode. In the case of pulp, the entire volume of the
electrical processing chamber (20 cm3) was carefully filled with the sample without additional solvent.
PEF application was carried out using two different electric field intensities (4.38 and 6.25 kV/cm)
and three pulse numbers (10, 20, 30). Each combination of the experiment was performed in three
repetitions. The specific energy intake was calculated according to the following equation [14]:

Ws = (V2Cn)/(2m), (1)

where V (V) is the voltage, C (F) is a capacitance of the energy storage capacitor, n is number of pulses,
and m (kg) is mass of the sample in the treatment chamber.

The energy values (Ws) supplied to the sample are shown in Table 1. After PEF treatment, cylinder
samples were dried on filter paper. Directly after PEF application, the temperature increase of the
samples did not exceed 9.2 ◦C.

Table 1. Parameters of pulsed electric field (PEF) treatment: electric field intensity, pulse number,
and energy delivered to the sample used in the investigation.

Sample Code Electric Field Intensity (kV/cm) Pulse Number (-) Energy (kJ/kg)

0_0 0 0 0
4.38_10 4.38 10 2.43
4.38_20 4.38 20 4.86
4.38_30 4.38 30 7.28
6.25_10 6.25 10 4.96
6.25_20 6.25 20 9.92
6.25_30 6.25 30 14.88

2.3. Electrical Conductivity

The electrical conductivity of the sample was measured using a conductometer (CPC-505, Elmetron,
Gliwice, Poland) with a platinum dual-needle probe, and it was used to evaluate the effectiveness of
electroporation. The electrical conductivity was measured continuously for at least 5 min at room
temperature. The measurements were conducted in five repetitions [21].

2.4. Color Determination

The color of the beetroot cylinders and extracts were measured in the CIE L*a*b* color system
using a Konica Minolta CR-5 Chroma Meter (Osaka, Japan) with D65 light source and standard
2º observer. The L* parameter defines the lightness of the sample, the a* chromatic coordinate
determines the green (−) and red (+) component, and the b* coordinate describes the blue (−) and
yellow (+) component [22]. The measurements were conducted at sixteen repetitions. Moreover,
the supernatant (solution remaining after extraction) was subjected to the color measurements in the
transmittance mode.

2.5. Betalain Content

The betalain content in raw and PEF-treated material was determined by the chemical method,
which is based on the extraction of dyes using phosphate buffer (pH 6.5) and the simultaneous
determination of red and yellow dyes measured spectrophotometrically [23]. In the case of raw
(untreated) material and beetroot pulp, 0.5 g of sample was weighted and then quantitatively
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transferred to a falcon tube, added a 50 cc phosphate buffer, and placed on a Vortex shaker for 20 min
at 2000 rpm. After shaking, the obtained supernatant was filtered and the absorbance of the solution
was measured in a spectrophotometer Heλios ThermoSpectronic γ (Thermo Electron Corporation,
USA) at 476, 538, and 600 nm using a phosphate buffer solution as standard. In the case of PEF-treated
material, a single beetroot cylinder along with the phosphate buffer was quantitatively transferred to
the falcon. Each time, the PEF chamber was rinsed three times with buffer and added to the falcon
in order to avoid betalain losses. The falcon was filled with a buffer to the 50 cc volume and then
analyzed as described above. The assay was performed three times.

The absorbance value for red dyes (B)] at λ = 538 nm including light absorption due to the presence
of impurities was calculated as:

EB = 1.095 × (E538 − E600), (2)

where E538 absorbance at λ= 538 nm, E600 absorbance at λ= 600 nm, and 1.095 is a absorption coefficient
at λ = 538 nm resulting from impurities present.

The content of red dyes (B) (mg betanin/100 g dm) was calculated as:

B = (c × EB)/(1120 × a × b), (3)

where c (mg) mass of the sample with buffer, 1120 (-) value resulting from the absorbance of a 1%
betanin solution measured at 538 nm in a 1 cm cuvette, a (g) sample weight, and b (g/g dm) is dry
matter content.

The absorbance value for yellow dyes (W) at λ = 476 nm including light absorption due to the
presence of impurities and red dyes and was calculated as:

EW = E476 − E358 + 0.667 × EB, (4)

where E476 absorbance at λ = 476 nm, E538 absorbance at λ = 538 nm, and EB is the absorbance value
for red pigments.

The content of yellow dyes (W) (mg vulgaxanthin /100 g dm) was calculated as:

W = (c × EW)/(750 × a × b), (5)

where c (mg) mass of the sample with buffer, 750 (-) value resulting from the absorbance of a 1%
betanin solution measured at 476 nm in a 1 cm cuvette, a (g) sample weight, and b (g/g dm) is dry
matter content.

The content of red and yellow dyes ware quantified as mg of betanin and vulgaxanthin, respectively,
in 100 g dry material.

2.6. Statitical Analysis—PCA and Pearson’s Correlation

The ANOVA and the Tukey test (α = 0.05) were applied to evaluate significant differences between
investigated samples. The two-way ANOVA and comparison of obtained partial η2 values have been
used to assess the effect size of the analyzed variables on the electrical conductivity. The Pearson’s
correlation coefficient was calculated in order to evaluate the dependence between selected parameters
of analyzed tissue. Hierarchical Cluster Analysis (HCA) with Ward’s agglomeration method was done
for complex assessment of obtained data. Euclidian distance was used to express obtained results by
the means of relative distance. All calculations were performed using STATISTICA 13 (StatSoft Inc.,
Washington, DC, USA) and Excel (Microsoft, New York, NY, USA) software.

122



Foods 2019, 8, 244

3. Results and Discussion

3.1. Electical Conductivity

Electrical conductivity measurement is used to evaluate the effectiveness of PEF treatment in
biological tissue [24]. Following electroporation and intracellular content leakage, electrical conductivity
of plant materials rises, indicating cell membrane rupture [25]. Figure 1 shows the results of both
electrical conductivity and energy input delivered to the beetroot samples. As expected, all PEF
pre-treated samples exhibited higher electrical conductivity in comparison to intact tissue. For instance,
material treated by 10 pulses at 4.38 kV/cm was characterized by electrical conductivity equal to
9.05 × 10−4 S/m. When the number of pulses increased to 30 (hence increasing the energy input) at the
same electric field intensity, the electrical conductivity rose significantly (p < 0.05) to 14.2 × 10−4 S/m.
The application of the higher electric field intensity (6.25 kV/cm) lead to a further increase of electrical
conductivity. However, in this case, the difference between samples pre-treated by 10, 20, and
30 pulses were statistically insignificant (p > 0.05). In other words, despite the energy input increase,
the electroporation efficiency did not grow because of the saturation of the electroporation phenomenon
that was previously observed in the literature for materials other than beetroot [14,26,27].

 

Figure 1. Electrical conductivity S/m (bars) and total energy input kJ/kg (dots) of differently treated
beetroot samples. The same letter on the same column means no significant difference between electrical
conductivities by the Tukey test (p < 0.05).

The performed statistical analysis showed that electric field intensity and number of pulses
significantly (p < 0.05) influenced the electrical conductivity of the beetroot samples. Moreover,
the interaction of these parameters, which could be interpreted as the influence of energy input, also
had a significant (p < 0.05) impact on the electroporation efficiency measured by electrical conductivity
measurement. However, comparing the partial η2 values, it can be stated that the biggest size effect
was found for electric field intensity (η2 = 0.753). For comparison, partial η2 was equal to 0.0114 and
0.113, for number of pulses and the interaction between electric field intensity and number of pulses,
respectively. Similar results were obtained previously by Wiktor et al. [21], suggesting that the cell
disintegration index could be influenced not only by electric field strength and total energy input but

123



Foods 2019, 8, 244

also by the pulses number applied during the treatment, simply because it increases the chance of
electroporation to occur.

The PEF parameters that have been used in further analysis were selected in order to allow to
study the extraction of pigments from (i) samples that have been treated with similar energy input but
manifested different electrical conductivity (4.38_20 and 6.25_10) and (ii) samples that exhibited similar
electroporation efficiency (expressed as similar electrical conductivity) but treated with different energy
input (6.25_10 and 6.25_30).

3.2. Color Determination

Color is a major quality index for fresh and processed fruit and vegetables, being one of the main
influencing parameters for consumers. Moreover, color could be also indicator of the presence and the
quantity of bioactive compounds, e.g., betanins which are responsible for the characteristic red-purple
color of the beetroot [4].

Table 2 reports the color parameters of untreated and PEF-treated beetroot tissue before and
after extraction. It can be observed that the application of PEF decreased significantly all the color
parameters, and this decrease was more accentuated in the samples 4.38_20 and 6.25_30. The decrease
of a* and b* values indicates the loss of the pigments (red betanin and yellow vulgaxanthin) from the
beetroot to the extracting solution.

Table 2. Color parameters (L* = lightness, a* = red/green index, b* = yellow/blue index) of untreated
and PEF-treated beetroot cylinders before and after extraction.

Sample
L* a* b*

Before After Before After Before After

0_0 21.1 ± 0.8 a 21 ± 1 AB 27 ± 2 a 29 ± 2 A 7.74 ± 0.6 a 8.8 ± 0.9 A

4.38_20 18.9 ± 0.9 c 20.7 ± 0.7 A 18 ± 3 c 20 ± 2 B 4.6 ± 0.9 c 4.9 ± 0.7 C

6.25_10 20 ± 1 b 24.5 ± 0.8 C 23 ± 3 b 31 ± 2 A 6 ± 1 b 6.1 ± 0.9 BC

6.25_30 18 ± 1 c 23 ± 1 BC 18 ± 2 c 29 ± 3 A 4.6 ± 0.8 c 7 ± 1 B

The same letter on the same column means no significant difference by the Tukey test (p < 0.05).

The application of 4.38 kV/cm caused a significant decrease in both parameters in the beetroot tissue
after extraction, while for other PEF conditions these values were mostly unchanged. When comparing
the color parameters before and after extraction, it is visible that cylinders after extraction exhibited
higher values of L*, a* and b*. Such a situation can be linked to the diffusion of pigments from the inner
parts of the tissue towards its surface during extraction and by lower water content after extraction
which influenced the light reflection during measurement.

Table 3 shows the color parameters of beetroot extracts obtained from untreated and PEF-treated
beetroot cylinders and pulp. It is possible to observe a significant (p < 0.05) decrease in the lightness
and a significant increase of the red color component of the beetroot cylinders subjected to all PEF
treatments, without significant differences due to treatment parameters (Figure A1). The color intensity
is usually directly related to the content of betalains extracted from beets. The use of PEF clearly
increases the color intensity, and therefore it increases the concentration of these compounds [28].
Concerning the yellow index, a decrease was observed only in samples treated at 6.25 kV/cm, probably
due to the degradation of the yellow dye—vulgaxanthin.

Concerning the extract obtained from the pulped beetroot (Table 3), it was possible to observe
that the pulping process itself caused a significant reduction in the brightness of the extract, as well as
an increase in the share of red color. The application of PEF did not result in significant differences
between the values of the L* and a* parameters. On the other side, the b* coordinate was characterized
by a lower value in samples treated at 6.25 kV/cm, further reduced increasing pulses from 10 to 30,
probably indicating a lower amount of vulgaxanthin in the extract.
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Table 3. Color parameters (L* = Lightness, a* = red/green index, b* =yellow/blue index) of extracts
obtained from untreated and PEF-treated beetroot cylinders and pulp.

Sample
L* a* b*

Cylinders Pulp Cylinders Pulp Cylinders Pulp

0_0 96.2 ± 0.2 a 72 ± 1 A 7.2 ± 0.4 a 52 ± 2 A −0.6 ± 0.1 a −1.7 ± 0.4 A

4.38_20 76 ± 3 b 70 ± 2 A 43 ± 5 b 55 ± 4 A 1.5 ± 1.6 a −1.4 ± 0.5 A

6.25_10 81 ± 2 b 70 ± 1 A 36 ± 4 b 57 ± 2 A −5 ± 2 b −6.16 ± 0.06 B

6.25_30 79 ± 2 b 70 ± 2 A 41 ± 3 b 58 ± 4 A −5.1 ± 0.7 b −9.3 ± 06 C

The same letter on the same column means no significant difference by the Tukey test (p < 0.05).

3.3. Betalain Content

Betanin and vulgaxanthin are the most abundant betalains in beetroot [3]. Figure 2 shows the
betanin content, while Figure 3 shows the vulgaxanthin content of differently treated beetroot samples.
The application of PEF to beetroot cylinders allowed to increase the extraction of betanin in a similar
way (of about 3-fold) for all the PEF conditions applied. The use of PEF at the intensity of 4.38 kV/cm
significantly (p < 0.05) increased the yield of betanin and vulgaxanthin extraction from beetroot
cylinders by 329% and 244%, respectively, compared to the control samples. This increase indicates
that PEF facilitates their extraction by increasing cell membrane permeability, which is also confirmed
by the color parameters. While the values of the red and yellow color components decreased in
the cylinders after extraction, an increase was recorded in the post-extraction solution. In addition,
the electrical conductivity of beet tissue after application of 20 pulses at 4.38 kV/cm was significantly
higher compared to the untreated sample (Figure 1).

 

Figure 2. Betanin concentration of differently treated beetroot cylinders and pulp. The same letter (and
the same letter size) on the same column means no significant difference by the Tukey test (p < 0.05).

In the case of beetroot pulp, an increase in betanin content (Figure 2), even if not statistically
significant, can be observed, as well as a decrease in vulgaxanthin extractability (statistically significant)
with increasing intensity of the electric field (Figure 3). In addition, the fragmentation of the raw
material tissue significantly increased the content of both betanin and vulgaxanthin in the extract,
compared to their content in the beetroot cylinders. The highest content of vulgaxanthin was observed
in the extract of untreated pulp (control), while the lowest was after the treatment with the electric
field of 6.25 kV/cm and 30 pulses, which caused statistically significant (p < 0.05) drop in vulgaxanthin
content by 27%. In turn, in the case of betanin, an inverse relationship was demonstrated, in the PEF
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application with the parameters E = 6.25 kV/cm, n = 30 promoted the higher extraction efficiency,
increased by 16% in relation to the reference sample; however, this was not statistically significant.

Information on the influence of PEF on the vulgaxanthin content in the literature is really scarce.
Nevertheless, the decrease in its content in the beetroot pulp, along with the increasing intensity of the
electric field, could be related to the physicochemical properties of this pigment. Vulgaxanthin is less
stable in an acid environment and at room temperature (and higher) compared to betanin. The solvent
used in the test was a slightly acidic buffer (pH = 6.5), and in addition, although PEF treatment
is a non-thermal method, the temperature was slightly risen during its application. In addition,
the fragmentation of the material facilitated the extraction of pigment from the tissue, which resulted
in longer exposure of vulgaxanthin to a temperature higher than room temperature, thus it could cause
its degradation [29].

 

Figure 3. Vulgaxanthin concentration of differently treated beetroot cylinders and pulp. The same
letter (and the same letter size) on the same column means no significant difference by the Tukey test
(p < 0.05).

The use of electrical treatment allows achievement of a high degree of disintegration of cells
with only small temperature increases (up to 9.1 ◦C). Two examples in the literature deal with the
identification of the optimal amount of energy to maximize pigment extraction from beetroot tissue
(between 2.5 and 7 kJ/kg obtained using a different electric field intensity). For example, a PEF treatment
at 1 kV/cm (270 pulses, 10 μs, 7 kJ/kg) allowed to release about 90% of the total red pigment after
1 h of extraction compared to less than 5% in the untreated samples [17,30]. López et al. [18] instead
observed that the application of 7 kV/cm (5 pulses of 2 μs, 2.5 kJ/kg) caused a release of about 90%
of total betanin from beetroot samples in 300 min. This release was 5-fold quicker than the control
samples, while the application of higher electric field strength (9 kV/cm) decreased the extraction yield
of the betanin. In this case, the energy supplied to the beetroot was lower than in the present study
and in the work of Fincan et al. [17].

3.4. HCA and Pearson’s Correlation

Figure 4 presents the results of HCA, which was carried out using normalized color data (L*,
a* and b*) and concentration of betanin and vulgaxanthin. Performed analysis allowed the samples
to be grouped in two big clusters. The first group consisted of most of the samples in cylindrical
form (C_0_0; C_6.25_10; C_6.25_30), whereas the second group included all samples in pulp form and
one cylindrical sample—the one treated with 20 pulses at 4.38 kV/cm. This sample formed a smaller
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aggregation that included untreated pulp form beetroot (P_0_0) and the pulp form material treated by
the same parameters. Hence, it can be stated that PEF treatment can lead to similar changes in the
tissue brought about by PEF influencing extraction are similar to the changes due to the mechanical
disintegration obtained by pulping. Beetroot samples treated with 6.25 kV/cm were grouped in two
separate aggregates depending on their physical form, cylinder or pulp. This information is very
valuable because it indicates that increasing the number of pulses does not bring additional benefits.
Such a behavior in literature is defined as ‘saturation level of electroporation’, meaning that no more
changes can be achieved by PEF treatment despite of utilization of higher energy input [31].

 

Figure 4. The results of hierarchical cluster analysis (HCA) performed using color parameters
(L*, a*, b*) and concentration of betanin and vulgaxanthin. (C_0_0 = untreated beetroot cylinders;
C_4.38_20 = beetroot cylinders treated by 20 pulses at 4.38 kV/cm; C_6.25_10 = beetroot cylinders
treated by 10 pulses at 6.25 kV/cm; C_6.25_30 = beetroot cylinders treated by 30 pulses at 6.25 kV/cm;
P_0_0 = untreated beetroot pulp; P_4.38_20 = beetroot pulp treated by 20 pulses at 4.38 kV/cm;
P_6.25_10 = beetroot pulp treated by 10 pulses at 6.25 kV/cm; P_6.25_30 = beetroot pulp treated by 30
pulses at 6.25 kV/cm).

The results of Pearson’s correlation analysis of selected variables are presented in Table 4.
Significant correlation has been found between lightness (L*) and a* coordinate. What is more
interesting is that both L* and a* values presented a significant relationship with betanin and
vulgaxanthin concentration. However, higher values of Pearson’s correlation coefficient were found
between color parameters and betanin concentration. Similar observations were also reported by
Antigo et al. [32], who examined the betanin content of microcapsules of beetroot extract obtained by
spray drying and freeze-drying.
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Table 4. The results of Pearson’s correlation analysis.

Variable L* a* b* BC VC

L* - r = −0.9977 r = 0.3593 r = −0.9760 r = −0.8853
p < 0.001 p = 0.382 p < 0.001 p = 0.003

a*
r = −0.9977 - r = −0.4214 r = 0.9821 r = 0.8594

p < 0.001 p = 0.298 p < 0.001 p = 0.006

b*
r = 0.3593 r = −0.4214 - r = −0.4692 r = 0.0077
p = 0.382 p = 0.298 p = 0.241 p = 0.986

BC
r = −0.9760 r = 0.9821 r = −0.4692 - r = 0.8623

p < 0.001 p<0.001 p = 0.241 p = 0.006

VC
r = −0.8853 r = 0.8594 r = 0.0077 r = 0.8623 -

p = 0.003 p = 0.006 p = 0.986 p = 0.006

p-Values lower than 0.05 indicate the significant character of the correlation between normalized variables. L*, a*,
b* = color parameters of the extracts; BC = betanin concentration in the sample; VC = vulgaxanthin concentration in
the sample.

4. Conclusions

The use of PEF led to an increase of the electrical conductivity of beetroot tissue, thus leading to
an increase of the cell membrane permeability. When lower electric field intensity (4.38 kV/cm) was
applied, the electrical conductivity increased proportionally to the pulse number applied, whereas
with the higher intensity (6.25 kV/cm) this effect was negligible, showing an effect of saturation level of
electroporation. PEF treatment caused changes in the color of red beetroot tissue that were associated
with a better extraction of pigments as a result of the electroporation. The use of PEF with an intensity
of 4.38 kV/cm and 20 impulses and energy consumption of 4.10 kJ/kg, allowed an increase in the yield of
betanin and vulgaxanthin extraction from beetroot cylinders by 329% and 244%, respectively, compared
to the control. Furthermore, the fragmentation of the tissue (pulping) resulted in an increased extraction
of pigments from the plant tissue; however, the use of PEF did not bring additional advantages.
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Appendix A
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Figure A1. Changes in the color of the extract from the beetroot slices depending on the parameters of
the applied pulsed electric field treatment.
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Abstract: There is a large potential in Europe for valorization in the vegetable food supply chain.
For example, there is occasionally overproduction of tomatoes for fresh consumption, and a fraction
of the production is unsuited for fresh consumption sale (unacceptable color, shape, maturity, lesions,
etc.). In countries where the facilities and infrastructure for tomato processing is lacking, these
tomatoes are normally destroyed, used as landfilling or animal feed, and represent an economic
loss for producers and negative environmental impact. Likewise, there is also a potential in the
tomato processing industry to valorize side streams and reduce waste. The present paper provides an
overview of tomato production in Europe and the strategies employed for processing and valorization
of tomato side streams and waste fractions. Special emphasis is put on the four tomato-producing
countries Norway, Belgium, Poland, and Turkey. These countries are very different regards for
example their climatic preconditions for tomato production and volumes produced, and represent
the extremes among European tomato producing countries. Postharvest treatments and applications
for optimized harvest time and improved storage for premium raw material quality are discussed,
as well as novel, sustainable processing technologies for minimum waste and side stream valorization.
Preservation and enrichment of lycopene, the primary health promoting agent and sales argument,
is reviewed in detail. The European volume of tomato postharvest wastage is estimated at >3
million metric tons per year. Together, the optimization of harvesting time and preprocessing storage
conditions and sustainable food processing technologies, coupled with stabilization and valorization
of processing by-products and side streams, can significantly contribute to the valorization of this
underutilized biomass.

Keywords: tomato; valorization; sustainable production; processing; lycopene; waste reduction;
vegetables; postharvest physiology; healthy food
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1. Introduction

The tomato (Solanum lycopersicum (L.)), which is neither a vegetable nor a fruit but botanically
speaking a berry, is currently spread across the world and is a key element in most cultures cuisines.
The tomato originated in South America, from where it was imported to Mexico. Tomato came to
Europe from the Spanish colonies in the 1500s along with several other “new” plants such as maize,
potato, and tobacco. The tomato plant was immediately cultivated in the Mediterranean countries, but
was initially poorly received further north in Europe. The skepticism of the tomato was due to that it
was long suspected to be poisonous. As a curiosity, the tomato was not found in Norwegian grocery
shelves until well into the 1950s, and was thus more exotic than oranges and bananas. Nowadays,
however, tomatoes have definitely become an essential ingredient also in the North European and the
Nordic cuisine. For example, in Norway, tomatoes have in recent years been the most sold product
in the fresh vegetable segment, with a total turnover of approximately 15 million € and an annual
consumption of 7.3 kg per capita, of which 1/3 is produced in Norway [1]. Including also processed
tomato products, annual per capita consumption in Norway increases to 16.3 kg, whereas it is 23.5
and 27.5 kg in Poland and Belgium, respectively. These are however still low values compared to the
Mediterranean diet; annual per capita consumption in Turkey, Armenia, and Greece is 94, 85, and
77 kg, respectively, whereas in Italy, Spain, Portugal, and Ukraine it is approximately 40 kg [2]. For a
detailed list of European tomato production and consumption, see Supplementary Table S1.

A joint FAO/WHO Expert Consultation report on diet, nutrition and the prevention of chronic
diseases, recommended several years ago the intake of a minimum of 400 g of fruit and vegetables
per day (excluding potatoes and other starchy tubers), for the prevention of chronic diseases such as
cardiovascular diseases (CVD), diabetes, and obesity, as well as for the prevention and alleviation of
several micronutrient deficiencies [3]. However, in the western world, the consumption of vegetables
is still far less than recommended. There is thus a socioeconomic gain if one succeeds in stimulating
increased consumption of tomato-based products high in lycopene and β-carotene that may lead to
reduced incidents of cancers and CVD. To increase the consumption of vegetables, it is important to
provide raw materials with high quality, diversity, and availability. Fruit and vegetables are important
components of a healthy diet, and their sufficient daily consumption could help prevent major diseases
such as CVD and certain cancers. According to the World Health Report 2002, low fruit and vegetable
intake is estimated to cause ~31% of ischemic heart disease and 11% of stroke worldwide [4]. Overall,
it is estimated that up to 2.7 million lives could potentially be saved each year if fruit and vegetable
consumption were sufficiently increased.

There is a large potential in Europe for optimization in valorization of crop biomass in the
vegetable food supply chain. For example, there is occasionally overproduction of tomatoes for fresh
consumption, and a fraction of the production is unsuited for fresh consumption sale (unacceptable
color, shape, maturity, lesions, etc.). These tomatoes are normally destroyed and used as landfilling or
animal feed, which represents an economic loss for producers and negative environmental impact.
In Norway and Belgium, this surplus/waste fraction amounts to about 200 (Unpublished data from
Rennesøy Tomat & Fruktpakkeri AS (2012), the biggest tomato packaging station in Norway) and
500 tons per year [5], respectively. A conservative estimate of € 4 per kg price increase for this raw
material will thus yield a potential of 0.8 and 2.0 million € per year, respectively, for Norway and
Belgium alone. Besides overproduction, part of the tomatoes produced in the greenhouse might not
reach the market because they do not reach the local market standards. This can be due to cosmetic
defects such as color, shape, size, etc.

Additionally, there is loss of fresh tomato at the retailer’s level. In Norway, the general retailer
loss is 10% for cluster tomatoes, 3–6% for single retail (“ordinary round”) tomatoes, and approximately
1% for cherry tomatoes, but it can be substantially higher in the peak of the growing season [6]. In the
case of Norway, assuming a mean loss at retailers level of 5%, and that this loss can be halved by
improved market regulation, there is a value increasing potential of a further 0.8 million € per year,
again with a conservative price estimate of € 4 per kg. It is assumed that the total loss fraction is
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approximately the same in the other European countries, implying a much higher value potential in
countries producing more tomatoes than Norway, considering that Norway is indeed a small tomato
producer by European standards (Supplementary Table S1). An estimate for the total European market,
based on a total waste fraction assuming a 15% waste in the tomato processing industry (including
what is left in the field), and 5% waste in fresh market tomato, the waste fraction amounts to 3 million
metric tons per year (Supplementary Table S1). The tomato processing waste quantities worldwide in
2010 was estimated to be between 4.3 and 10.2 million metric tons [7]. Based on this, it is beneficial to
develop processing technology for the best possible utilization of this resource to improve economic
sustainability of tomato production.

2. Tomato Production in Norway, Belgium, Poland and Turkey

2.1. Norway

Tomato production in Norway has been stable for the last 15 years with volumes between 9000
and 12,000 tons per year. Ninety percent of the production takes place in the county of Rogaland,
on the southwest coast. Practically all tomatoes produced in Norway are destined for the domestic
fresh market. The production is costly because the Norwegian climate necessitates the use of heated
glass houses and artificial light for year-round production. Because of the high production costs,
Norwegian tomatoes have traditionally not been subject to processing. Recently, some tomato farmers
have found ways to alleviate the energy expenses by innovative solutions. One example of this is the
‘Miljøgartneriet’ which can be translated as ‘the Environmental plant nursery’ [8]. This glass house was
built in 2010, covers 77,000 m2, and employs 70–85 workers in the high season. The innovations consist
of amongst others the use of surplus CO2 and warm wastewater from a nearby dairy plant for plant
feed and heating, respectively. Combined with other energy-efficient solutions in the construction of
the glass house and recirculation of water, the production becomes more sustainable and with a low
carbon footprint. An optimized year-round cultivation system achieved a yield of over 100 kg m−2 in
commercial production, with an estimated maximum potential of 125–140 kg m−2 [9]. In Norway, the
surplus fraction resulting from high-season overproduction amounts to 200 tons per year, corresponding
to approximately 2% of total production. Total waste, i.e., combined with the waste at the retailer
level and in the greenhouses, is estimated at ~6%. One of the main reasons for waste at the retailer
level was found to be due to packaging. Comparing packaged cluster tomatoes to loose, unpacked
single tomatoes revealed, contrary to expectation, that the former had significantly more wastage [6].
It was speculated that this was because packaging may lead to condensation and subsequent growth
of molds. Therefore, packaging of warm tomatoes should be avoided [6]. Temperature abuse during
transport and in the stores was also considered as main factors leading to waste [6].

Efforts have been made to produce tomato sauce of the surplus tomatoes. However, due to small
volumes and high production costs, this turned out not to be economically viable and production
stopped. At present, the fraction is primarily used as cattle feed, so that costs for disposal can be
minimized. In order to overcome the seasonality problem, tomato surplus and waste fractions may be
sorted and stored frozen in order to collect volumes for subsequent processing and perhaps to add this
to batches of imported tomatoes for processing. A project is now starting up in Norway to look into
this possibility for valorization and to identify and overcome the challenges related to this strategy.

2.2. Belgium

Belgian tomato production takes predominantly place in Flanders, where some 250 growers
produced 220 to 260,000 tons per year on about 500 hectares between 2006 and 2016. Tomato is the
second biggest crop under glass after lettuce, but generates the biggest economic return, ~180 million
€ per year, leaving the second and third place to strawberry and bell pepper, respectively. Belgian
tomato growers deliver tomatoes for the internal fresh market during a period of about nine months
each year. There are three areas in Flanders where the tomato growers cluster together, that is around
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Mechelen, Hoogstraten, and Roeselare. Roughly, half of the production is on the vine and the other
half are loose tomatoes [10]. Also in Belgium, practically all tomatoes are produced in greenhouses
and for fresh consumption. The average price the growers get for their tomatoes (loose and on the
vine) is about € 0.75 per kg. As opposed to Norway, Belgian tomato export volumes are considerable.
Today, approximately 70% of all tomatoes produced in Belgium are exported [10]. According to Lava,
the cooperative of all Belgian fruit and vegetable auctions, the main exporting partners are France,
Germany, the Netherlands, the UK, and the Czech Republic [11]. The tomato surplus fraction in
Belgium makes up about 500 tons per year, corresponding to approximately 2% [5], as in Norway, and
total waste (retailers, etc.) is estimated at approximately 5%. A recent study in Belgium estimated the
losses of tomato that cannot be marketed due to cosmetic reasons to be ~1–2% only. Similar numbers
were recorded for bell pepper and cucumber. This is very low compared to the percentages of other
crops (e.g., zucchini 11.5% and lettuce 9.1%) [12].

2.3. Poland

Polish tomato production is different from Norwegian and Belgian production in several ways.
First, the polish production volume is 3 times the Belgian and >60 times the Norwegian with a
yearly production amounting to ~920,000 tons (~250,000 tons in the field and ~670,000 tons in
greenhouses) [13], placing them among the top eight in Europe (Supplementary Table S1). Moreover,
the production is carried out both in open field and under cover. The cultivation area under cover is
approximately 27% of the total, but it is increasing [14]. Approximately 70% of the production takes place
in Greater Poland, Kuyaivan-Pomeranian, Mazovian, and Switokrzyskie Provinces. Since Poland’s
entry into the EU in 2004, fresh tomato exports have doubled, and accounts now for about 11% of
production [14]. Approximately 1/3 of the total production is processed domestically, mainly into
tomato paste and canned tomatoes (approximately 40,000 tons per year), and ketchup and tomato
sauce (approximately 135,000 tons per year), whereof ~50% are exported [13]. The production of
greenhouse tomatoes is intended for the fresh market and nearly 80% of production is sold on the
internal market. The remaining 20% is export, and the main recipients are Ukraine, Belarus, the Czech
Republic, Germany and the United Kingdom. The processing waste value can be assumed to be up to
approximately 8.5%. This value consists of 1–3% seed waste, 2.8–3.5% skin, and up to 2% as whole fruit
waste. Measures to reduce losses like choosing correct harvest time, avoiding damage during harvest,
storage of crops protected from sunlight and immediate cool storage, the removal of damaged fruit, and
using clean packaging material and proper transport are also important in Poland. The results obtained
in open field tomato production in Poland depend very much on weather conditions. In some years,
maturation is delayed and the quality of the fruits is poor, and it is very important to protect plants
from diseases. These detrimental effects can be increased through improper nitrogen fertilization,
which can delay the maturity of the fruits. In addition, the growing season in some years may be
shorter due to the occurrence of early autumn frosts. In these conditions, unripen tomato fruits remain
in the field and is lost. To reduce losses, proper nitrogen fertilization, early varieties with concentrated
fruiting, and the use of ethylene to accelerate ripening are proposed.

2.4. Turkey

Turkey is the fourth largest tomato producer after China, India and the United States, yielding
more than 7.2% of the world tomato production. The production amount was ~11.8 million tons in
2014 and 12.7 million tons in 2017. Sixty-seven percent of total production was evaluated as table
tomato and 33% were industrially processed. More than 25% of the total production and 40% of table
tomato is cultivated in greenhouses. Three-and-a-half-million tons (~28%) of the tomato production is
being processed into paste, while 500,000 tons (4%) is used as sun-dried and canned (whole peeled,
cubic chopped, puree, etc.). Due to the climate advantage, sun-dried tomatoes have great potential
and almost all (97%) of them are exported. Tomato is the undisputed and clear leader product of
the vegetable industry in Turkey. Tomato export is almost 40% of total fresh vegetable exportation
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of Turkey. From 10 to 18% of the total processing raw material is gone to waste [15]. Skin, seeds,
fiber, etc. make up ~7% of this fraction, and the rest is mainly due to bad transportation in the tomato
paste industry. Between 2010 and 2017, the average losses during harvesting were 3.5% and loss after
harvesting was 10 to 15%. In 2017, pre- and postharvest losses were more than 2.1 million metric tons,
corresponding to 16.5% of the total production [16]. Occurrences of exceptional high tomato wastage
of up to 28% in specific regions have been reported [17]. Measures to reduce losses are summarized
as choosing correct harvest time, avoiding damage during harvest, storage of crops protected from
sunlight and immediate cool storage, the removal of damaged fruit, and using clean packaging material
and proper transport [18]. The following precautions were proposed in order to reduce loss between
harvesting and processing or wholesale: Choosing an earlier harvest time, using better packaging
material at the farm stage instead of only traditional wooden or plastic cases, and refrigerated transport
to the packaging or processing facilities [19].

3. The Significance of Lycopene in Tomato

Consumers are increasingly demanding naturally nutritious and healthy products that are
produced without the use of genetic modification or additives and pesticide residues. It is therefore a
large potential for developing processed products based on the part of the tomato production that does
not go to fresh consumption. It turns out that the willingness to pay among the modern consumer
increases when positive health effects attributed to the products can be documented. Most of the adult
consumers are aware of the health benefits attributed to lycopene and other phytonutrients found
in tomato, and thus lycopene is the second most important driver for consumer preferences, after
price [20].

Lycopene is a member of the carotenoid family of compounds and is a key intermediate in the
biosynthesis of many carotenoids. Lycopene is a pigment found in small amounts in many fruits
and vegetables, and which, like carotene, gives rise to red color. Tomatoes are the main source of
lycopene, while chili peppers may contain comparable amounts, and watermelon, red bell pepper,
carrot, spinach, guava, papaya, and grapefruit contain relatively moderate amounts [21,22]. Lycopene
occurs in several forms (isomers), some of which are taken up more easily by the human body than
others [22–24]. The all-trans form is predominating in fresh tomato (~90%) [25], whereas it is the cis
isomer that is most easily bioavailable to the human body [26–28]. Besides being an important nutrient,
lycopene is also a very potent and sought after natural colorant with many applications in industrial
food processing [29].

Research has shown that by means of processing it is possible to increase the proportion of the
most bioavailable forms and stabilize these to thereby provide an increased health benefit. There is
evidence that heat treatment and the addition of vegetable oils in tomato products increases the
body’s absorption of lycopene compared with corresponding consumption of fresh tomato [25,27,30].
For lycopene to be absorbed in the duodenum, it must be dissolved in fat. The fat should not contain
components which compete with lycopene for absorbing, such as vitamin E and K [25,31]. Although
the biochemical mechanisms that make lycopene so beneficial to health are largely unknown, there is
much to suggest that antioxidant and provitamin A properties can be crucial.

3.1. Lycopene Content in Tomato

The lycopene range (0.03–20.2 mg/100 g) as reviewed in Table 1 is comparable to original results
presented by Adalid et al. [32] where 49 diverse accessions of tomato from 24 countries on four
continents displayed a span from 0.04 to 27.0 mg lycopene/100 g. In some wild species of tomato
(S. pimpinellifolium), the lycopene concentration can be as high as 40 mg/100 g [33]. As shown in Table 1,
the type and variety of tomato is also crucial for lycopene. Even the origin and the geographic location
of their cultivation appears to play a major role [34,35]. This is probably due to different growing
conditions and the degree of maturity [36,37], storage and transport conditions, etc.
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Table 1. Lycopene content in tomato varieties (converted to mg/100 g fresh weight (FW)). Literature
review. Values in italics are obtained by spectrophotometry, otherwise high-performance liquid
chromatography (HPLC).

Variety Total Lycopene Type Origin Growth Conditions Reference

Ministar 3.11 plum
SW Norway Greenhouse, soil free

This study
Juanita 10.51 cherry

Dometica 4.08 salad
Volna 8.15 salad Skierniewice,

Poland
FieldCalista 10.75 processing

Pearson 10.77 N/A California, USA Field [38]
DX-54 ~12 N/A Utah, USA Field [39]

Unknown 15.8 N/A Florida, USA Unknown [40]
Amico 7.73

processing

Gödöllö, Hungary

Field [41]

Casper 6.61
Góbé 5.92

Ispana 6.22
Pollux 5.14

Soprano 8.65
Tenger 7.66

Uno 7.09
Zaphyre 6.95

Draco 6.87
Jovanna 11.61

K-541 9.95
Nivo 8.46

Simeone 9.88
Sixtina 10.51
Monika 7.22

salad

Delfine 6.51
Marlyn 5.53
Fanny 5.26
Tiffany 6.23

Alambra 5.40
Regulus 6.59
Petula 6.68

Diamina 6.48
Brillante 8.47
Furone 5.18
Linda 5.69

Early Fire 10.1–14.0

processing Field [42]
Bonus 8.5–12.7

Falcorosso 8.0–11.1
Korall 8.1–11.3
Nívó 9.7–15.5

Strombolino 5.3–10.3 cherry, processing Gödöllö, Hungary Field [43]
12 unnamed

local varieties 5.04–13.46 N/A

SE Spain Field [44]ACE 55 VF 6.38 Flattened globe
Marglobe 8.46 Round

Marmande 7.01 Flattened globe
CIDA-62 6.23 cherry

Spain Organic, field [45]

CIDA-44A 2.95
roundCIDA-59A 2.70

BGV-004123 5.50
BGV-001020 3.66 flattened and ribbed

Baghera 4.64 round
CXD277 15.33

processing Spain Field [46]

H9661 12.21
H9997 14.96
H9036 11.36

ISI-24424 17.01
Kalvert 16.71
Kalvert 20.2

processing Lecce, Italy Field [47]Hly18 19.5
Donald 9.5

Incas 9.3
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Table 1. Cont.

Variety Total Lycopene Type Origin Growth Conditions Reference

143 9.47

N/A San Marzano, Italy Field [48]

Stevens 10.2
Poly20 16.0
Ontario 6.54

Sel6 9.73
Poly56 14.2
1447 5.61
977 10.0
1513 9.21
988 14.1

Cayambe 13.5
Heline 9.46
1512 3.25
1438 6.35

Motelle 16.9
Momor 13.3

981 2.33
Poly27 11.0
Shasta 6.7–7.7

Early-season varieties

California, USA Field [49]

H9888 8.9–9.7
Apt410 9.1–10.0
CXD179 9.2–10.4

Mid-season varietiesCXD254 10.5–12.0
H8892 8.7–10.1

CXD222 9.8–13.2
Late-season varietiesH9665 8.7–12.2

H9780 9.2–13.0
Bos3155 14.92

Red varieties

California, USA Field [50]

CXD510 15.37
CXD514 11.80

CXD276 2.47 Light color Tangerine
variety

CX8400 0.08 Yellow variety
CX8401 0.68 Orange variety
CX8402 0.03 Green variety
SEL-7 3.23 N/A Haryana, India [51]

ARTH-3 4.03
Laura 12.20 N/A New Jersey, USA Greenhouse [52]

Brigade 12.9 Processing Salerno, Italy N/A [53]
PC 30956 18.7 High lycopene

experimental hybrid,
Cheers 3.7 N/A Southern France Greenhouse [54]

Lemance 3.7–6.9 N/A N/A Greenhouse [36]
Ohio-8245 9.93

Tomato pulp fraction Ontario, Canada N/A [55]
92-7136 7.76
92-7025 6.46
H-9035 10.19
CC-164 10.70
Dasher 3.98

Plum Italy Greenhouse [56]

Iride 4.45
Navidad 4.89

Sabor 5.22
292 4.57
738 4.77

Cherubino 3.43 Cherry
Crimson,

green, 0.52
Salad Ohio, USA Purchased from local

market
[57]

Crimson,
breaker 3.84

Crimson, red 5.09
Unknown 10.14 Cherry

California, USA
Purchased from local

supermarket [58]Unknown 5.98 On-the-vine
Roma 8.98 Processing
Jennita 1.60–5.54 Cherry SW Norway Greenhouse, soil free [59] a

Naomi 7.1–12.0 Cherry Sicily, Italy Cold greenhouse [60] b

Naomi 12.4–13.3 Cherry
Italy Cold greenhouse [34]Ikram 8.5–8.9 Cluster

Eroe 2.1–2.8 Salad
Corbarino 6.8–14.6 Cherry Battipaglia, Italy Field grown [61] c

(a) Harvested twice monthly from May to October. (b) Harvested at six different times throughout the year. (c) As
an effect of N and P fertilization load.
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It is well known that tomato lycopene is concentrated in the skin and the water-insoluble fraction
directly beneath the skin [53]. Table 2 demonstrates this partitioning and underpins that the tomato
skin waste fractions is a good source of lycopene. Since lycopene and other carotenoids are most
concentrated in and just inside the skin, lycopene is often higher per volume in small tomatoes of
cherry type, because they have a relatively high peel to volume ratio.

Table 2. Lycopene content in peel versus pulp in some tomato varieties (converted to mg/100 g FW).
Literature review. Values in italics are obtained by spectrophotometry, otherwise HPLC.

Cultivar

Total Lycopene
(Converted to mg/100 g FW) Comment Reference

Peel Pulp

HLT-F61 89.3 28.0
Field grown, Northern Tunisia [62]HLT-F62 50.8 16.7

Rio Grande 42.4 10.1

8-2-1-2-5 14.3 6.7

Harvested at mature green stage
(Ludhiana, India) and stored at

20 ◦C until ripe
[37]

Castle Rock 13.1 6.2
IPA3 10.2 4.0

Pb Chhuhra 8.6 4.6
UC-828 6.5 3.7

WIR 4285 6.5 3.1
WIR-4329 8.1 4.3

818 cherry 14.1 6.9

Field grown, New Delhi, India [63]

DT-2 8.1 5.2
BR-124 cherry 10.2 4.9

5656 10.7 4.5
7711 9.0 4.4

Rasmi 10.8 4.3
Pusa Gaurav 10.2 4.0
T56 cherry 12.0 3.8

DTH-7 4.8 2.7
FA-180 7.6 2.5
FA-574 6.1 2.2
R-144 6.2 2.0

Grapolo 6.0 1.2

Purchased in supermarket or
open-air market, Zagreb, Croatia, [64]

Italian cherry tomato 7.2 2.0
Croatian cherry tomato 5.3 1.6

Croatian large size tomato 3.5 1.3
Turkish large size tomato 3.3 1.2

FW: fresh weight.

Since lycopene is the pigment responsible of the red hue of tomatoes, it can be derived that
unripe tomatoes and light color tangerine varieties and green, orange and yellow varieties are lower in
lycopene than mature red tomatoes [47,62]. Tomatoes with lower lycopene can be stored under special
light and temperature so that they may accumulate lycopene before processing. Figure 1 illustrates the
correlation between maturity stage, color, and lycopene content.
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Figure 1. Lycopene evolution in processing tomatoes, cv. Calista, as measured during ripening in the field
by a nondestructive optical method as previously described in Ciaccheri et al., 2019 [65]. FW: fresh weight.

Sikorska-Zimny et al., 2019 [66] proposed that, although tomatoes harvested at the full-ripe stage
maintained 90% of their lycopene content for three weeks of storage, a compromise between firmness
and storability may be found by harvesting at an earlier stage in order to balance the organoleptic
and nutraceutical quality of the fruit. This means, at least for fresh-market tomatoes, that they can
be harvested un-ripe in order to obtain storability without compromising neither on sensory or
nutraceutical qualities, as long as proper storage conditions are obtained.

3.2. Effect of Processing

Processing strategies for tomatoes range from the very simple, as for fresh-market tomatoes, to
complicated, as for the production of, e.g., tomato paste which includes multiple steps and several
heat treatments such as drying, hot-break, and pasteurization [67]. Conclusions in relation to lycopene
are that it is only slowly broken down by boiling (100 ◦C), and therefore constitutes no restriction
for the heat treatment (Table 3) [67–71]. On the contrary, boiling for around two hours results in
breakdown of carotenoid-associated protein structures so that lycopene is released, isomerization
occurs and bioavailability increases [69,72]. Interestingly, Seybold et al., 2004 [70] found that lycopene
isomerization occurred readily as an effect of thermal treatment in a standard lycopene solution, but
this was not the case in tomatoes treated at the similar time/temperature conditions. Nevertheless,
in freeze-dried lycopene powder, it was found that high temperatures (120 ◦C) and relatively short
exposure time resulted in profound isomerization in both water and oil medium, but that loss of
lycopene was significantly less in oil medium, presumably because oxidation was avoided [73,74].
Effects of thermal treatment on a range of health-beneficial antioxidants in tomato are reviewed in
Capanoglu et al., 2010 [67], and it may seem that most of the other antioxidants (e.g., vitamin C and
tocopherols, phenolics and flavonoids) are less heat-stable than lycopene. Mechanical and thermal
treatment have significant effects on the consistency of tomatoes, the former mainly due to the release
of pectin [75]. Mechanical treatment does not seem to affect the content of lycopene to any significant
degree, but it may enhance bioavailability, especially when combined with thermal treatment [75].
Factors such as light, pH, and temperature is very critical to the stability of lycopene and carotenes [76].
Wrong processing or storage (i.e., exposure to light and oxygen) may, therefore, affect the ratio between
isomers or totally degrade the beneficial compounds. However, when optimal storage criteria are
met, lycopene is a very stable molecule [77]. Traditional processing methods have only little effect on
the level of lycopene or isomerization [25]. In fact, thermal processing may generally increase the
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bioavailability of lycopene despite decrease of the total concentration of lycopene [27,57]. Studies
that have followed the evolution of lycopene through the different processing steps of commercial
tomato paste production are inconclusive, either reporting a small increase [41] or a significant
decrease [78] as the tomatoes are processed into paste. Comparing rapid industrial scale continuous
flow microwave pasteurization to conventional thermal processing of tomato juice, revealed that this
novel energy-efficient technology resulted in a product with a higher antioxidant capacity and similar
organoleptic, physiochemical and microbiological qualities [79]. High pressure processing (HPP) may
increase lycopene extractability compared to conventional processing and result in higher carotenoid
content, including lycopene, in tomato purées [80,81]. HPP also results in less lycopene cis-isomers
compared to thermal processing [82].

Table 3. Effects of heat treatment on tomato products.

Processing Heat Treatment Effect Texture Taste Lycopene Color

Chopping raw
Mild < 80 ◦C

Enzymes are
released, pectin
degraded and

hexanal/hexanol
formed

Thick before
heating, then

soup

Vivid Green Unchanged Poor, controlled
by pH

Strong > 80 ◦C Moderate
green Increased Acceptable

Chopping raw,
waiting for
thickening

before cooking,
for example 2 h

Instantly to 100
◦C, medium

shortly, to
thicken

Slightly thick
and thickens

with increased
cooking time

Vivid Green Somewhat
increased Acceptable

Chopping
cooked

Mild < 80 ◦C
Enzymes

inactivated only
partially

Thin Moderate
green Unchanged Poor, controlled

by pH

Strong > 80 ◦C Enzymes
inactivated Thick Green aroma Unknown Acceptable

Puree, unpeeled
2 h 100 ◦C

Carotenoid content
maximum after 2 h. Unknown A little green Most after 2 h * Most after 2 h

Puree, peeled
Carotenoid content

low and stable
unaffected by time

Less than
unpeeled

Less than
unpeeled

* Carotenoid associated protein structures are broken down so that lycopene is released and isomerization occurs so
that the bioavailability increases.

Regarding lycopene and processing, the challenge is to limit the breakdown and stimulate the
desired isomerization. In order to optimize the contents of isomerized lycopene, the kinetics of both
isomerization and breakdown have to be known for the specific process. Experiments including a high
number of time/temperature combinations should be done for a number of situations, e.g., aerobe vs.
anaerobe processing and at different pH. It is only highly concentrated (e.g., dried powder) and, to a
certain extent, concentrated and sterilized (canned) products that generally exhibit enlarged lycopene
concentration compared to fresh tomato (Tables 4 and 5). However, a heavy heat treatment is very
energy intensive, and often leads to undesirable sensory properties.

Table 4. Lycopene content in tomato products (converted to mg/100 g FW). Literature review. Values in
italics are obtained by spectrophotometry, otherwise HPLC.

Product Total Lycopene Comment Reference

Pulp 10.6–18.7 Commercial products, Salerno, Italy [53]
Purée 12.7–19.6

Paste 57.87

Commercial products, California, USA [58]Purée 23.46
Juice 10.33

Ketchup 12.26–14.69

Juice, heat concentrated 2.34
Experimentally processed from

Crimson-type tomatoes purchased from
local markets, Ohio, USA

[57]Paste, heat concentrated 9.93
Soup, retorted 10.72
Sauce, retorted 10.22
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Table 4. Cont.

Product Total Lycopene Comment Reference

Juice 7.83

Experimentally processed from tomatoes
purchased from local markets and heat

treated according to standardized industrial
food processing requirements

[25]

Soup, condensed 7.99
Canned whole tomato 11.21

Canned pizza sauce 12.71
Paste 30.07

Powder, spray dried 126.49
Powder, sun dried 112.63

Sun dried in oil 46.50
Ketchup 13.44

Tangerine tomato sauce 4.86 Experimentally processed from tomatoes
grown at the Ohio State University, USA [30]Tangerine tomato juice 2.19

Red tomato juice 7.63

Regular salad tomatoes,
Gran Canaria, Spain

1.15 Fresh

[69]

1.09 Boiled 10 min
0.99–1.18 LTLT, 60 ◦C 40 min
1.07–1.23 HTST, 90 ◦C 4 min

Bella Donna on the vine,
Netherlands

3.80 Fresh
3.06 Boiled 20 min

3.91–4.31 LTLT, 60 ◦C 40 min
3.43–4.15 HTST, 90 ◦C 10 min

Daniella, Spain 2.37 Fresh purée [81]

Daniella, Spain

0.99 Fresh

[80]1.48 HP (400 MPa, 25 ◦C, 15 min)
0.86 Pasteurization (70 ◦C, 30 s)
0.95 Pasteurization (90 ◦C, 60 s)

Torrito, Spain
39.67 Fresh

This study

26.39 HTST (90 ◦C, 15 min)
23.77 HP (400 MPa, 90 ◦C, 15 min)

Torrito, the Netherlands

11.44 Fresh
7.57 HTST (90 ◦C, 15 min)

10.10 HP (400 MPa, 90 ◦C, 15 min)
10.00 HP (400 MPa, 20 ◦C, 15 min)
5.41 HP (600 MPa, 90 ◦C, 15 min)
4.08 HP(600 MPa, 20 ◦C, 15 min)

Heinz purée, USA

6.62 Puré, fresh

[83]
6.61 Boiled 5 min
6.57 Boiled 10 min
6.48 Boiled 30 min
6.39 Boiled 60 min

Double concentrated
commercial canned

tomato purée,
Netherlands

39 Unheated

[68]

31 Autoclaved 100 ◦C, 20 min
29 Autoclaved 100 ◦C, 60 min
29 Autoclaved 100 ◦C, 120 min
28 Autoclaved 120 ◦C, 20 min
30 Autoclaved 120 ◦C, 60 min
29 Autoclaved 120 ◦C, 120 min
31 Autoclaved 135 ◦C, 20 min
33 Autoclaved 135 ◦C, 60 min
32 Autoclaved 135 ◦C, 120 min

Experimental purée

3.79 Unheated

[84]
5.93 Steam retorted, 90 ◦C, 110 min
5.20 Steam retorted, 100 ◦C, 11 min
4.74 Steam retorted, 110 ◦C, 1.1 min
3.37 Steam retorted, 120 ◦C, 0.11 min

FG99-218, USA

16.04 Juice, fresh

[85]

16.05 Juice, hot break
17.95 Juice, HP (700 Mpa/45 ◦C/10 min)
17.12 Juice, HP (600 Mpa/100 ◦C/10 min)
15.50 Juice, TP (100 ◦C/35 min)

OX325, USA

9.84 Juice, fresh
10.22 Juice, hot break
10.88 Juice, HP (700 Mpa/45 ◦C/10 min)
10.29 Juice, HP (600 Mpa/100 ◦C/10 min)
8.49 Juice, TP (100 ◦C/35 min)

LTLT: Low Temperature, Long Time; HTST: High Temperature, Short Time; HP: High Pressure processing.
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Table 5. Lycopene content (mg/100 g FW) in tomato and tomato products including the fractions of
trans- and cis-isomers.

Produkt Total Lycopene
All Trans Lycopene

(% of Total)
Cis Lycopene
(% of Total)

Reference

Conesa tomato paste, Spain, 0.16% fat
Batch 1 (2014) 32.1 29.2 (91.0) 2.9 (9.0)

This study

Conesa tomato paste Spain, 0.16% fat
Batch 2 (2015) 26.6 23.6 (88.7) 3.0 (11.3)

Conesa tomato paste Spain, 0.16% fat
Batch 2 (2015)—Autoclaved 22.8 19.9 (87.3) 2.9 (12.7)

Conesa tomato paste Spain, 0.16% fat
Batch 2 (2015)—Microwaved 22.9 20.1 (87.8) 2.8 (12.2)

Conesa tomato fine chopped, Spain,
0.04% fat 6.5 5.9 (90.8) 0.6 (9.2)

Heinz ketchup 0.1% fat 11.0 9.4 (85.5) 1.6 (14.5)
Eldorado tomato puree, Italy, 1% fat 32.1 29.4 (91.6) 2.7 (8.4)

Cherry tomatoes 10.14 8.91 (87.9) 1.23 (12.1)

[58]

On-the-vine tomatoes 5.98 5.00 (83.6) 0.98 (16.4)
Roma tomatoes 8.98 7.88 (87.7) 1.10 (12.3)
Tomato paste 57.87 45.94 (79.4) 11.93 (20.6)
Tomato purée 23.46 17.85 (76.1) 5.61 (23.9)
Tomato juice 10.33 8.47 (82.0) 1.86 (18.0)

Tomato ketchup 12.26–14.69 9.40–9.47 (64.4–76.7) 2.86–5.22(23.3–35.6)

4. Utilization of Tomato Side Streams and By-Products

The valorization strategies for tomato waste biomass may be different depending on whether the
primary production is originally intended for the fresh market or for industrial processing. For the
former case, the biomass may mainly consist of surplus tomato due to seasonal overproduction
or fractions perceived as unmarketable for cosmetics reasons, and in the latter of side streams and
byproducts from the processing. Thus, the remainder of this chapter is divided into ‘Fresh tomato’
and ‘Processing’. However, the strategies described are not understood to be necessarily fixed in
these categories, and can be interchanged (i.e., postharvest ripening can also be applied for processing
tomatoes). Nevertheless, chosen strategies will depend on the available technologies and the volumes
of the available biomass, and type of by-product/side stream fraction, which varies considerably in the
countries subject to this case study.

4.1. Fresh Tomato

In Norway and Belgium, as mentioned above, domestically grown tomatoes are at present
predominantly meant for the fresh market. Hence, processing by-products and side streams is not a
big issue. However, mainly due to seasonal overproduction and, to a lesser extent, that a fraction of the
tomatoes is not suitable for fresh market sale (wrong color, maturity level, shape, and injuries), there
have been attempts to develop processing technology for this fraction. The valorization of this biomass
is currently mainly impeded by the high moisture content and corresponding fast decay. The small
volumes, geographical dispersity, and the seasonality make it even more challenging to process by
conventional processing technologies. Alternatively, flexible and mobile processing technologies may
be looked upon to valorize the underutilized tomato biomass. An example is the proposed novel
spiral-filter press technology to refine horticultural by-products including tomato [86]. This technology
alleviates the need of stabilizing the biomass by using expensive drying technology, and besides, it is
flexible and may be used to produce a range of volumes as well as handle a multitude of different
textures [87]. This implies that it may be used for, e.g., apple, berries, and carrot processing after the
high-season tomato processing is over.

Regards the surplus tomato fraction that is predominantly made up of unripe or underpigmented
tomatoes, research has shown that these tomatoes can be turned into marketable tomatoes very
effectively by simple means. In the SusFood1 era-net project ‘SUNNIVA’ [88], a range of elicitor
treatments were tested in postharvest trials to identify efficient elicitor treatments as tools to influence
the content of health-beneficial phytochemicals (HBPC) in tomato raw material and waste fractions.
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Products both for industry use and fresh market use were targeted. Results showed that the waste
fractions of tomato could be utilized as valuable sources of HBPC, and also provide better raw material
utilization when subjected to efficient postharvest elicitor treatments. Among the most promising
elicitor treatments for tomatoes were ethylene treatments for pink and waste fractions (Figure 2).
An important point of attention to maximize health benefits of industrial tomato products as well as
tomatoes for fresh consumption is that different types or cultivars of tomatoes reach their maximum
level of the HBPC at different maturity stages.

Figure 2. Example of ethylene treatment. Examples of Calista (a) and Volna (c) varieties that were
not ripe at the time of harvesting and the respective varieties after six days of storage under ethylene
atmosphere (b,d). Adapted from Grzegorzewska et al., 2017 [89], with permission.

Studies have shown that hormic dosage of ultraviolet radiation (UV-C) can be applied to delay the
senescence of fruit and vegetables, suggesting that photochemical treatment may have the potential
for postharvest preservation of tomato [90]. The effects of UV-C and temperature on postharvest
preservation of tomato are summarized in Tjøstheim, 2011 [91], and long-term controlled atmosphere
and temperature storage in Batu, 2003 [92] and Dominguez et al., 2016 [93]. In short, temperatures
from 12.8 to 15 ◦C appear to be optimal, but there are large variations between different cultivars.
An example of postharvest lycopene evolution in pink tomatoes at different storage temperatures is
shown in Figure 3.

Figure 3. Lycopene increase (%) in pink harvested processing tomatoes, cv. Calista, during storage in
the dark at 3 different temperatures (12, 20, and 25 ◦C) and 80% relative humidity. The initial level of
lycopene was about 6.5 mg/100g fresh weight (FW). Rearranged from data previously published in
Sikorska-Zimny et al., 2019 [66], with permission.

A completely different way of valorizing the fraction of tomatoes in the sub-optimal food (SOF)
category, i.e., tomatoes with a color or shape that may be considered undesirable, is to target the
consumers and try to get them more aware of the consequences of food waste. Consumers appear
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receptive to discounts on vegetables with imperfections [94]. Since October 2013, under its own brand
“Wunderlinge” (translated as ‘odds’) such fruit and vegetables have been offered in Austria, and similar
actions rapidly spread to neighboring countries [95]. Depending on season, and what is available, these
fruits and vegetables, which, despite their idiosyncratic appearance is flawless in taste, are offered at a
cheaper price. Similar campaigns and the establishments of ‘food-banks’ is becoming more common
throughout Europe, but many actions are still at an experimental stage.

Then there will still be left fractions that are not suitable for recycling into the food chain.
Upon extraction, both tomato fruit waste and vegetative by-products may be utilized as sources of
compounds with pharmaceutical and therapeutic benefits (e.g., phenolic compounds like quercetins,
kaempferol, and apigenin) or cosmetics ingredients (e.g., lactic acids) [96]. Side-flows and waste from
vegetable processing can also be recirculated back to the field in the form of compost and used as
growth substrates. Tomato waste compost may be used to replace partially peat-based substrate used
for vegetable transplants production in nurseries [97]. Tomato side streams may also be used as raw
material for the production of organic fertilizer or soil amendment. However, more research is needed
to document the bio-stimulating effect of tomato waste streams for its potential use as an input source
for such products [88].

4.2. Processing

During tomato processing, three to seven percent of the raw material is lost as waste [7,98].
The press cake resulting from tomato juice and sauce production consists of skin and seeds [99].
The seeds constitute approximately 10% of the fruit and 60% of the total waste, and is a source of
protein and fat [100].

The chemical composition of tomato processing waste fractions was characterized by Al-Wandawi
et al., 1985 [101]. The seed fraction was rich in oleic and palmitic acids, a high protein content with
threonine and lysine as the dominating amino acids, and K, Mg, Na, and Ca as the dominating elements.
Whereas the skin fraction was also rich in proteins with lysine, valine, and leucine as the predominating
essential amino acids, and Ca, K, Na, and Mg as the major elements [101].

Pure lycopene has traditionally been extracted from tomatoes through processes using chemical
solvents. Innovative supercritical fluid extraction (SFE) methods do not leave behind the chemical
residues associated with other forms of lycopene extraction and were demonstrated by researchers at
the University of Florida to be very efficient and with a greater yield than conventional methods [102].
Supercritical CO2 extraction using ethanol as a solvent is an efficient method to recover lycopene
and β-carotene from tomato skin by-products [103]. Lenucci et al., 2015 [104] performed studies on
enzymatic treatment of tomato biomass prior to supercritical CO2 extraction of lycopene, and the
results showed that the enzymatic pretreatment could increase the yield of lycopene extraction
by 153% as compared to solvent extraction. Besides enzymatic pretreatment, ultrasound and
microwave-assisted extraction methods, on their own or combined, have been developed for the
extraction of lycopene, resulting in higher extraction yield. Lianfu & Zelong, 2008 [105] compared
combined ultrasound/microwave-assisted extraction (UMEAE) and ultrasonic assisted extraction of
lycopene from tomato paste and achieved a yield of 97.4% and 89.4% for UMAE and UAE, respectively.
UMEAE has thus shown to be highly effective and may also provide rapid extraction (367 s in the
mentioned study [105]). The use of UAE was reviewed by Chemat et al., 2017 [106], who concluded that
the process can produce extracts in concentrate form, free from any residual solvents, contaminants,
or artifacts, and one of the most promising hybrid techniques is UMAE. Supercritical CO2 extraction
has recently been optimized by modelling and resulted in a lycopene yield of 1.32 mg of extract per
kg of raw material obtained by a peel/seed ratio of 70/30 [107], opening for a very promising future.
Similarly, the use of pulsed electric fields (PEF) to improve carotenoid extraction from tomato was
demonstrated [108]. The recent developments in carotenoid extraction methods was recently reviewed
by Saini & Keum, 2018 [109], comparing enzyme-assisted extraction to the methods mentioned above
and Soxhlet extraction.
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Lycopene is a high-value compound, costing on the order of 2000 €/kg in its pure form. Nevertheless,
at a 10 mg lycopene per 100 g FW basis, it takes 10,000 kg of tomato fruit to produce 1 kg of pure
lycopene even at 100% yield. Hence, in order to be economically sustainable, large volumes of the
tomato raw material are needed. Consequently, this would hardly be feasible in Norway and Belgium,
but may be proposed as a viable valorization strategy in countries like Poland and Turkey. Some
strategies for valorization of tomato side streams and by-products are exemplified in Table 6.

Table 6. Proposed utilization of tomato side streams and by-products from food processing.

Product Active Ingredients Fraction Reference

Color pigments,
Antioxidants Lycopene Skin, pomace, whole fruit [72,102,110]

Tomato seed oil Unsaturated fatty acids (linoleic acid) Seeds [111,112]
Thickening agent Pectin Dried Pomace [113,114]

Comminuted and vegetarian sausages Dried and bleached tomato pomace Dried Pomace [115]
Tomato seed meals Protein, polyphenols, etc. Seeds, pomace [116]

Nutrient supplements Vitamin B12 Pomace [117]

Cosmetics Phenolic compounds, antioxidants,
lactic acid, etc. Whole plant [96]

Compost, growth substrates, fertilizer Phytochemicals Whole plant [97]

5. Conclusions

Tomato side streams, by-products and surplus fractions are underutilized resources estimated
to amount to in excess of 3 million metric tons per year in Europe. The ratios of this biomass that is
consisting of whole fruit versus the processing side-streams are largely unknown. However, in regions
where production is largely dependent on greenhouse production for fresh market sale due to climatic
preconditions (e.g., Norway and Belgium), the fraction is predominantly whole fruit, and the opposite
is the case where tomato processing constitutes a larger industry (e.g., Poland and Turkey). For the
former case, strategies to prolong the postharvest storability of the fruit by, e.g., controlled atmosphere,
elicitor, light, and temperature to overcome surplus tomatoes due to seasonal over production for
the fresh market may be proposed, combined with novel, sustainable, low-energy, flexible processing
technologies. For the latter case, where volumes of the side fractions make more sophisticated and
targeted technologies economically and environmentally sustainable, several options for bioeconomical
valorization exists, including utilization of by-products in comminuted hybrid and vegetarian food
items, and the extraction of valuable health-beneficial compounds for the production of functional
ingredients, protein-dense meals, and nutrient supplements. Strategies for utilization of inedible
fractions, including the vegetative parts of the tomato plants may be found in the production of organic
fertilizers, biobased materials such as paper, fiberboard, or extracts used in the cosmetics industries.

The notion that modern consumers are becoming more aware of the health beneficial properties
of tomato and tomato products, and lycopene in particular, should not go unnoticed. Cultivation and
processing practices may be further designed to meet consumer demands and preferences related to
health and nutritional issues, and consequently add value to the tomato supply chain, also through the
fabrication of functional and nutraceutical ingredients from biomass traditionally considered as waste.
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Abstract: The purpose of this study was to investigate the properties of starch in potatoes (Solanum
tuberosum cv. Agria) after being treated with pulsed electric fields (PEF). Potatoes were treated
at 50 and 150 kJ/kg specific energies with various electric field strengths of 0, 0.5, 0.7, 0.9 and
1.1 kV/cm. Distilled water was used as the processing medium. Starches were isolated from potato
tissue and from the PEF processing medium. To assess the starch properties, various methods were
used, i.e., the birefringence capability using a polarised light microscopy, gelatinisation behaviour
using hot-stage light microscopy and differential scanning calorimetry (DSC), thermal stability
using thermogravimetry (TGA), enzyme susceptibility towards α-amylase and the extent of starch
hydrolysis under in vitro simulated human digestion conditions. The findings showed that PEF did
not change the properties of starch inside the potatoes, but it narrowed the temperature range of
gelatinisation and reduced the digestibility of starch collected in the processing medium. Therefore,
this study confirms that, when used as a processing aid for potato, PEF does not result in detrimental
effects on the properties of potato starch.

Keywords: potato starch; pulsed electric fields; birefringence; thermal properties; enzyme
susceptibility

1. Introduction

Pulsed electric field (PEF) processing has been reported to have a capability in modifying the
microstructure of solid plant foods [1]. This leads to the reduction of the cutting force for potato
tuber [2] and sweet potato [3] and the oil uptake of these commodities during frying. Another study
by [4] has also found that PEF processing in combination with calcium chloride and trehalose solutions
could retain the textural properties of frozen potatoes. Due to these benefits to improve product quality,
this technology has been used in the commercial potato French fries or chips industries [5].

Giteru, Oey and Ali [6] have recently reported that PEF could affect either the stability or the
functional properties of biomacromolecules such as polysaccharides and proteins. Especially on
polysaccharides, PEF could affect their microstructure, conformation, solubility, swelling effect, particle
size, viscoelastic properties, structural transition and thermal stability [6]. Moreover, other studies
have reported that PEF processing applied at an electric field strength up to 50 kV/cm can change
the properties of starches dispersed in water, such as the structural properties and the digestibility
of waxy rice starch [7]; the microstructure, thermal properties and viscosity of tapioca starch [8];
the microstructure and thermal properties of maize starch [9]; the thermal properties and microstructure

Foods 2019, 8, 159; doi:10.3390/foods8050159 www.mdpi.com/journal/foods152



Foods 2019, 8, 159

of potato starch [10]; and the thermal properties and microstructure of corn starch [11]. So far, limited
studies have been conducted to understand the fate of starch inside the potatoes after the tubers
are PEF-treated. Starch is the major component in potato [12] that contributes to its nutritional
quality [13,14]. Although food processing techniques [14,15], including boiling, cooling, reheating [16],
conventional frying and air frying [17], have been shown to change the digestibility of starch, it is still
not known whether PEF processing affects the inherent properties of starch in potatoes. In addition,
the adoption of PEF technique in potato processing is fairly recent, compared with, say, the use of PEF
in the processing of liquid foods, such as in juice extraction, bacterial inactivation in milk, etc. It is
also known that consumer perception regarding the safety of PEF-processed foods is a key to their
acceptance [18] and this perception is often influenced by information on the effect of PEF technology
on the products themselves [19]. A similar phenomenon would potentially happen in the adoption of
PEF in potato processing.

Therefore, the purpose of this study was to investigate the properties of starch in potatoes after
being treated by PEF. The native state of starch isolated from potatoes after PEF treatment was examined
using polarised light microscopy, combined with hot-stage optical microscopy. The gelatinisation
behaviour, thermal stability and thermal properties of starch isolated from potatoes after PEF treatment
were studied using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
The susceptibility of the isolated starch towards heat stable α-amylase as well as the degree of starch
hydrolysis during in vitro simulated human oral-gastro-intestinal digestion were studied. In this study,
the effects of electric field strength and specific energy for PEF on these properties were investigated.
In addition, the properties of any starch found in the PEF processing medium (SPM) (e.g., leached out
of the potato due to cutting during sample preparation) were examined to allow a direct comparison
with the properties of starch obtained from the same potatoes after being treated with PEF. To the
authors’ knowledge, this research is the first work to study the properties of starch relevant to PEF
processing of potatoes.

2. Materials and Methods

2.1. Chemicals and Reagents

Potassium iodate (KI), iodine (I2), potassium hydroxide (KOH), sodium hydroxide (NaOH) and
hydrochloric acid (HCl), were purchased from Merck (Darmstadt, Germany). Sodium chloride (NaCl)
was purchased from BDH Chemicals (Poole, UK). Potassium chloride (KCl) was purchased from Fisher
Scientific (Norcross, GA, USA). Sodium bicarbonate (NaHCO3) was purchased from (Riedel-de Haën,
Seelze, Germany). Heat stable α-amylase from Bacillus licheniformis (3000 U/mL), amyloglucosidase
from Aspergillus niger (3300 U/mL), glucose oxidase peroxidase (GOPOD) kit and D-glucose standard
(1 mg/mL) were purchased from Megazyme (Wicklow, Ireland). Alpha amylase from Aspergillus oryzae
(30 U/mg) and pancreatin from porcine pancreas (4 × USP) were purchased from Sigma (St. Louis, MO,
USA). Pepsin was purchased from PanReac AppliChem (Barcelona, Spain). Porcine bile extract was
purchased from Santa Cruz Biotechnology (Dallas, TX, USA).

2.2. Preparation of Samples

A batch of potato tubers (Solanum tuberosum cv. Agria) harvested in August 2017 were obtained
from Pyper’s Produce (Invercargill, New Zealand). In this study, the Agria cultivar was selected as a
model system due to its high starch content. Upon arrival, tubers were sorted according to their weight,
size and dimensions while any tubers with cuts, bruises or damage were discarded. Fifty potato tubers
with uniform size and dimension were selected and randomly divided into five groups (10 tubers
per group) which was later used as replicates. Each group of ten potatoes was peeled and shredded
(2.79 mm × 2.79 mm) using an MX 260 food processor (Kenwood, Beijing, China) at medium speed.
The shredded potato from 10 tubers were pooled together to attain a homogenous sample set and
kept in an ice-water bath for no longer than 30 min. The samples were immediately treated with PEF
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(see Section 2.3) at different electric field strength and energy combinations (Table 1) following the
experimental protocol presented in Figure 1. In total, five independent replicates were conducted for
this study.

Figure 1. Schematic overview of the experimental design and sample collection followed by preparation.

Table 1. Summary of PEF treatment parameters on potato and the treatment impact on the changes in
electrical conductivity, temperature and browning index of the PEF processing medium.

PEF (kV/cm, kJ/kg)
Electric Field

Strength
(kV/cm)

Specific
Energy Input

(kJ/kg)

Conductivity
Increase

(mS/cm) *

Temperature
Increase (◦C) **

Browning Index

Untreated (No PEF) 0.00 0.00 0.25 ± 0.16 b 1.56 ± 2.32 c 218.30 ± 33.80 c

PEF 1 (0.5, 50) 0.50 50.48 ± 1.10 0.61 ± 0.17 ab 6.42 ± 1.25 b 279.74 ± 24.23 ab

PEF 2 (0.7, 50) 0.70 49.25 ± 0.44 0.44 ± 0.33 b 5.90 ± 0.53 b 268.36 ± 34.47 ab

PEF 3 (0.9, 50) 0.90 49.63 ± 0.31 0.54 ± 0.08 ab 6.08 ± 0.99 b 294.73 ± 15.97 a

PEF 4 (1.1, 50) 1.10 50.10 ± 0.39 0.53 ± 0.07 ab 5.86 ± 0.39 b 269.13 ± 27.05 ab

PEF 5 (0.7, 150) 0.70 151.81 ± 1.72 0.91 ± 0.25 a 15.22 ± 1.49 a 290.23 ± 32.06 a

PEF 6 (0.9, 150) 0.90 153.09 ± 0.77 0.53 ± 0.19 ab 14.00 ± 0.60 a 252.93 ± 50.83 bc

One-way ANOVA
result

F(8,39) = 4.91 F(8,39) = 108.47 F(6,98) = 9.42
p = 0.00 p = 0.00 p = 0.00

PEF, pulsed electric fields. * Initial conductivity: 1.61 ± 0.25 mS/cm. ** Initial temperature: 7.22 ± 1.46 ◦C. All the
PEF treatments were carried out at a 20 μs pulse width at 100 Hz. Results are expressed as the mean ± standard
deviation of five independent PEF processing experiments. Values in the same column not sharing the same letter
are significantly different at p < 0.05 analysed with one-way ANOVA and Tukey’s post hoc test.
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2.3. Pulsed Electric Fields Treatment

PEF processing was performed using an ELCRACK® HVP 5 PEF system (German Institute of
Food Technologies, Quakenbruck, Germany) in the batch treatment configuration. The PEF treatment
chamber (total volume of 400 mL with dimensions of 100 mm length, 80 mm width and 50 mm depth),
consisted of two parallel stainless-steel electrodes (80 mm electrode gap). For each treatment, 125 g of
potato samples were placed inside the PEF treatment chamber and then submerged in 125 g of distilled
water, which served as the PEF processing medium. The pulse shape generated by the PEF unit was
monitored in real-time using an oscilloscope (UTD2042C, Uni-Trend Group Ltd., Dongguan, China).
Output parameters, such as electric field strength (kV/cm), pulse voltage (kV), pulse current (A), pulse
power (kW), pulse energy (J), total energy (kJ), pulse number (dimensionless) and pulse resistance
(ohm), were recorded for each PEF run.

In this study, different field strengths, i.e., 0.5, 0.7, 0.9 and 1.1 kV/cm, accompanied with two
specific energy input intensities averaged at 49.87 ± 0.54 and 153 ± 0.91 kJ/kg were used. The specific
energy input was calculated using Equation (1):

Wspeci f ic (kJ/kg) =
V2·(n·m)

R·W (1)

where V is the pulse voltage (kV), n is the pulse number (dimensionless), m is the pulse width (μs), R is
the pulse resistance (ohm) and W is the total weight of the sample and PEF processing medium.

All tested PEF process conditions were achieved by applying a 20 μs pulse width at 100 Hz
frequency with the pulse number ranging from 900–6250. Each PEF treatment was carried out in
five replicates with each replicate utilising shredded potatoes from 10 tubers. The process of treating
potatoes with PEF for each run was standardised and took no more than 3 min. For every PEF run, the
untreated sample (i.e., potato samples without PEF treatment) was prepared by soaking the potato
samples in distilled water at a ratio of 1:1 for 3 min and afterwards the sample was handled as described
in Figure 1.

To test whether PEF causes changes in cell permeability, both conductivity and temperature of
the processing medium were first measured just before and immediately after PEF treatment using a
CyberScanCON11 (Eutech Instruments, Singapore, Singapore) hand-held conductivity meter to have
an indication of increased ion leakage due to PEF treatment. Subsequently, the PEF processing medium
was separated from the potato sample using a kitchen sieve and transferred into plastic containers
(1000 mL volume). Secondly, the colour of the PEF processing medium was immediately measured on
the tristimulus colour combination L*a*b* scale using a MiniScan XEPlus 45/0-L colorimeter (Hunterlab,
Reston, VA, USA) in triplicate. The tristimulus colour combination of L*a*b* were then converted into
a browning index (BI) using Equations (2) and (3):

BI =
100(X − 0.31)

0.17
(2)

with:
X =

a + 1.75L
5.645L + a− 3.012b

(3)

2.4. Isolation of Starch after PEF Treatment

Immediately after PEF treatment, both untreated and PEF-treated potato samples were separated
from the processing medium using a kitchen sieve. Potato samples (approximately 125 g) and
the processing medium were transferred into separate plastic containers for starch isolation as
described below.

Potato starch was isolated from 100 g potato samples according to [20] with modifications. Potato
samples, either untreated or PEF-treated, were placed into a plastic container containing 300 mL
distilled water and, afterwards, the samples were gently macerated by hand for 1 min. The mixture
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of potato and distilled water was then filtered using a kitchen sieve and the filtrate was collected.
The maceration process on the potato samples was repeated with another fresh 300 mL of distilled
water. The final filtrate was combined and kept at room temperature for 2 h to allow the starch to
settle to the bottom. After 2 h, the water layer on the top of the starch suspension was discarded
and replaced with fresh distilled water. This step was repeated twice until clear water was obtained.
The starch sediments were then oven dried (Eurotherm 3216, Steridium, Queenstown, Australia) at
30 ◦C overnight or longer until the starch was completely dry (indicated by no further weight loss).
The dried powder, referred as “isolated starch” (later coded as “IS”), was transferred into 1.5 mL tubes
and stored in a desiccator filled with silica gel at ambient temperature (17–20 ◦C) until further analysis.

PEF processing medium (approximately 125 mL) was transferred into a plastic container followed
by the addition of 300 mL distilled water. The mixture was kept at room temperature for 2 h to
allow the starch to settle. After 2 h, the water layer on the top of starch suspension was discarded
and replaced with fresh distilled water. This step was repeated twice until clear water was finally
achieved. The starch sediments were then oven dried (Steridium with Eurotherm 3216 controller) at
30 ◦C overnight or longer until the starch was completely dry (indicated by no further weight loss).
The dried powder obtained was referred as “starch from PEF processing medium” (later coded as
“SPM”). The sample was kept in 1.5 mL tubes and stored in a desiccator filled with silica gel at ambient
temperature (17–20 ◦C) until analysis.

The remaining potato samples (approximately 25 g) was transferred into plastic bags and kept
frozen at −20 ◦C (Fisher and Paykel, Auckland, New Zealand) for no more than 2 weeks, followed by
freeze drying (Labconco Freezone, Kansas City, MO, USA). Subsequently, the freeze-dried samples
were homogenised into powder form (thereafter referred as “potato powder or PP” sample) using a
laboratory blender (32BL80 Waring, Torrington, CT, USA) for 10 s at high speed. They were sealed
tightly inside polypropylene vials under ambient temperature (17–20 ◦C) until analysis.

2.5. Study on the Birefringence Capability of Starch Granule after PEF Treatment

The native form of starch typically exhibiting birefringence capability is associated with the
crystalline structure of starch. The birefringence capability of starch isolated from PEF-treated potatoes
was studied by mean of light microscopy and polarised microscopy. Starch suspension was prepared
by gentle mixing of 2 mg dried sample and 250 μL deionised water. A drop of starch dispersion was
transferred onto a glass slide (LabServ, Waltham, MA, USA) and a small amount of Lugol’s iodine dye
(5% (w/v) potassium iodate and 0.5% (w/v) iodine at a ratio of 1:1) was added. After the cover slip was
placed, the specimen was observed under a BX-50 microscope (Olympus, Tokyo, Japan) with a polariser
(U-POT U-P110 model, Olympus, Tokyo, Japan) under a magnification of 400×. The observations
under the microscope were captured using a Camedia C4040 Zoom digital camera (Olympus, Tokyo,
Japan). The images were saved as TIFF files and later standardised for their brightness using Windows
Photos (Microsoft, Redmond, WA, USA).

2.6. Study on the Gelatinisation Behaviour of Starch Using Hot-Stage Microscopy

A light microscope, Motic BA300Pol (OPTIKA SrL, Ponteranica, Italy), complete with polariser, at
a magnification of 200×was used. Starch dispersions (2 mg/250 μL deionised water) were prepared
and then transferred onto glass slides with cavities, covered with a coverslip and put onto a hot stage
(FP82HT model, Mettler Toledo, Columbus, OH, USA) connected with a Mettler Toledo FP90 central
processor to control the heating setting of the hot stage. The specimen was heated from 30–80 ◦C at a
rate of 5 ◦C/min. Live pictures of the specimen were automatically recorded every 15 s which was
equal to a temperature increment of 1.25 ◦C. The pictures were captured using a Nikon Optiphot PFX
microscope camera (Nikon, Tokyo, Japan) and the files were saved as BMP files with Image-Pro Plus
version 2.7 software (Media Cybernatics Inc., Rockville, MD, USA). The captured images were resized
using Windows Photos (Microsoft).
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2.7. Study of the Thermal Stability of Starch

Thermogravimetric analysis (TGA) was used to determine the moisture content and the thermal
stability of the starch-containing dried samples. Dried sample, about 10 mg, were transferred onto a
100 μL platinum TGA pan (TA Instruments, New Castle, DE, USA). Subsequently, the sample was
heated from room temperature to 400 ◦C inside the TGA 550 unit (TA Instruments). The TGA operation
and the data analysis to determine the weight loss and derivative weight loss of the sample during
heating were performed using TRIOS software V4.3 (TA Instruments).

2.8. Study on the Gelatinisation Temperature of Starch Using Differential Scanning Calorimetry

Starch-containing samples were weighed closed to 3.0 ± 0.5 mg (in dry basis as predefined using
TGA) on Tzero DSC pan (TA Instruments). Adequate amount of distilled water was added to achieve
70% moisture in the sample and the pan was sealed tightly using Tzero hermetic lid with the assistance
of a Tzero press with blue die set (TA Instruments). Samples were then allowed to equilibrate to room
temperature for 1.5 h prior to analysis in a DSC 250 unit (TA instruments) calibrated with indium
(purity >99.9%) and heated from 20–100 ◦C at a 10 ◦C/min heating rate. The DSC operation and analysis
on the temperatures at which the starch underwent phase transition during heating, i.e., temperature of
onset gelatinisation To, temperature of peak gelatinisation Tp, temperature of conclusion gelatinisation
Tc, range of gelatinisation temperature R and enthalpy change of gelatinisation ΔH were performed
using TRIOS software V4.3 (TA Instruments).

2.9. Study on the Susceptibility of Starch towards Enzymes

2.9.1. Starch Susceptibility towards Heat Stable α-Amylase

Twenty milligrams of sample was transferred into a 50 mL falcon tube, added with 980 μL distilled
water and equilibrated to room temperature for 10 min. The dispersion was then vortexed and placed
on a magnetic stirrer followed by the addition of 1 mL KOH (2M) to dissolve any resistant starch in
the sample. The mixture was allowed to stir for 20 min in an ice water bath over the magnetic stirrer.
Another 4 mL of sodium acetate buffer (1.2 M; pH 3.8) was then added to neutralise the pH of the
mixture. Then, 50 μL of heat stable α-amylase and 50 μL amyloglucosidase were added, followed by
incubation at 50 ◦C in a water bath for 1 h with intermittent vortexing at every 10 min to hydrolyse
insoluble starch into soluble branched and dextrin and to hydrolyse the dextrin into D-glucose. After
that, the mixture volume was brought up to 40 mL with deionised water, vortexed and centrifuged
(Beckman GPR, Beckman, Indianapolis, IN, USA) with an acceleration of 1613× g for 10 min. Fifty
microliters of the supernatant was then added with 1.5 mL GOPOD reagent and heated at 50 ◦C for
20 min. Afterwards, the absorbance was measured at wavelength of λ = 510 nm and temperature of
20 ◦C using a UV–VIS spectrophotometer (Ultraspec 3300 Pro, Amersham Biosciences, Amersham, UK)
with D-glucose (1 mg/mL) solution as the external standard solution. Values were expressed as percent
(w/w) hydrolysed starch per sample using a conversion factor of 0.9, which is generally calculated from
the molecular weight of starch monomer/molecular weight of glucose (162/180 = 0.9) [21,22].

2.9.2. Starch Hydrolysis under In Vitro Simulated Human Digestion System

In vitro simulated human digestion of starch-containing dried samples consisted of three phases,
namely oral, gastric and small intestinal phases, was carried out as outlined in [23] with modifications.
Forty milligrams of sample were transferred into glass vials and added with 1960 μL deionised
water. Afterwards the mixture was mixed gently with a vortex and equilibrated for 10 min at 20 ◦C.
Subsequently, 2 mL simulated salivary fluid containing NaCl (2 mM), KCl (2 mM) and NaHCO3

(25 mM) and 1 mL α-amylase from Aspergillus oryzae (12.5 mg/mL) was added. The mixture was
then incubated for 5 min at 37 ◦C (LabServ, Contherm Scientific Ltd., Wellington, New Zealand) with
shaking at 55 strokes per min using a rocking shaker (DLAB Scientific Inc., Beijing, China). Incubation
with shaking was carried out for the next 2 h after the pH was adjusted to about 3 with HCl (1 M) and
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4 mL simulated gastric juice (1 mM HCl) containing 40 mg/mL pepsin, 151 mM NaCl and 28 mM KCl
was added. Upon completion of gastric digestion, the pH was adjusted to pH 7 using NaOH (1 M) and
simulated intestinal fluid of NaHCO3 (0.1 M) containing pancreatin from porcine pancreas (10 mg/mL)
and bile extract (8.45 mg/mL) was added and incubated with shaking for another 2 h. During the entire
course of simulated intestinal digestion, 1 mL digest was withdrawn at time 0, 20, 60, 90 and 120 min
and immediately transferred into a 15 mL tube containing 5 mL ethanol (80%). Individual digests were
then centrifuged with an acceleration of 1613 g for 10 min at 5 ◦C and the entire supernatant was used
for further analysis.

The supernatant of digested samples was added with 50 μL amyloglucosidase (3300 U/mL) and
afterwards incubated at 50 ◦C for 1 h with an intermittent vortexing for every 10 min. Fifty microliters
from the mixture were added with 1.5 mL GOPOD reagent, incubated at 50 ◦C for 20 min, and the
absorbance was measured wavelength of λ = 510 nm and temperature of 20 ◦C using a UV–VIS
spectrophotometer (Ultraspec 3300 Pro, Amersham Biosciences). D-glucose solution (1 mg/mL) was
used as the external standard solution. Values were expressed as mean values with standard deviations
of mg glucose per mL digest.

2.10. Statistical Data Analysis

In this study, results are expressed as the mean ± standard deviation of five independent treatment
replicates. Statistical analyses were performed with IBM SPSS Statistics version 24 (IBM Corporation,
New York, NY, USA) using one-way analysis of variance (ANOVA) followed by the Tukey’s HSD
post hoc test. Differences between the means were considered significant when p < 0.05. Independent
samples t-test was used to assess the significant differences of the thermal stability, gelatinisation
temperature, α-amylase susceptibility and the degree of starch digestibility between untreated and
PEF-treated samples.

3. Results and Discussion

3.1. Monitoring the Impact of PEF Treatment on Potatoes

In this study, the changes in the temperature and the conductivity of the product were evaluated to
indicate whether all the PEF conditions applied to the potato samples led to cellular damage [1,24,25].
Table 1 clearly showed a considerable increment in the temperature and product conductivity for all
the PEF treatment conditions applied. The increase in temperature after PEF treatment at specific
energies of 50 and 150 kJ/kg was averaged at 6.07 ◦C and 14.61 ◦C, respectively. The temperature
increase was due to the external energy generated from the PEF treatment while the increase in product
conductivity were at least 0.44 to 0.91 mS/cm higher after PEF treatments than untreated samples (i.e.,
0.25 mS/cm, see Table 1) indicating the leaching of ionic species inside the cells from the minerals ions
and other soluble solids into the processing medium. The same ionic species were presumably freed
during preparation of untreated (No PEF) samples but in the lower concentration which led to an
increase in conductivity at a lower value, 0.25 mS/cm.

Browning index in the PEF processing medium was also considered in the present study owing to
the possibility of enzymatic reaction occurring between polyphenoloxidase and phenolic compounds
released from their cell localisation inside potato tissues [25] into the PEF processing medium after
PEF treatment. Result showed that the browning index in the processing medium increased up to
294.73 ± 15.97 after the PEF treatments compared to that of untreated samples (i.e., 218.30 ± 33.80; see
Table 1) indicating the leaching of phenolic compounds and polyphenoloxidase. It is important to note
that phenolic compounds in potato tissues are localised in the vacuole while polyphenol oxidases are
accumulated in the plastids [26]. Therefore, it is likely that the applied PEF treatments had effectively
resulted in cellular damage, i.e., microstructural modification due to the formation of cell pores that
facilitated the substrate-enzyme interaction in the processing medium. As a consequence, this triggered
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the enzymatic browning reaction, producing reddish-brown o-quinones compounds that contribute
towards the browning of the PEF processing medium.

3.2. Comparison on the Birefringence Capacity of Potato Starch Granules after PEF Treatment

Starch granules have a semi-crystalline structure [27] which exhibits birefringence with a “Maltese
cross” feature under a polarised microscope. The starch birefringence has been used as a good indicator
to assess the native state of starch [28–30]. Figure 2 presents the microscopy images of starch granules
isolated from potatoes after being treated with PEF (i.e., IS samples) and starch found in the PEF
processing medium (i.e., SPM samples) using visible and polarised microscopes.

Under polarised microscopy, both starch granules isolated from potatoes (IS) without PEF
treatment and from processing medium (SPM) exhibit birefringence with the typical “Maltese cross”
feature. In comparison, the same birefringence pattern distinct for native granules was observed for
both IS and SPM samples isolated from potatoes PEF-treated at an electric field strength of 0.5 kV/cm
with specific energies of 50 kJ/kg (PEF 1) in conjunction with PEF at 0.7 kV/cm with a specific energy of
150 kJ/kg (PEF 5) and also when the electric field strength was increased from 0.5 to 1.1 kV/cm and
from 0.7 to 0.9 kV/cm, respectively, at constant specific energies of 50 (PEF 4) and 150 kJ/kg (PEF 5).
This study clearly showed that PEF treatment at the processing intensities used in the current study
did not influence the molecular crystallinity of starch granules from their native state.

3.3. Understanding the Gelatinisation Behaviour of Starch Isolated from PEF-Treated Potatoes

One of the unique properties of starch is its ability to undergo gelatinisation under sufficient heat
and moisture [28]. The starch granules gradually swell with increasing temperature, followed by a loss
of crystallinity and the birefringence of the starch [31].

Figure 3 presents the selected microscopy images of starch dispersion being heated at different
temperatures. A representative video (Video S1) of gelatinisation behaviour of starch is attached as a
supplementary material. Being heated at temperatures of 30, 40, 50 and 55 ◦C, all starch granules from
untreated potato samples continuously showed the existence of birefringence. At 60 ◦C, most of the
starch granules started to lose their birefringence and the birefringence was completely lost at 65 ◦C.
For starch isolated from potato samples treated with PEF at specific energies of 50 (PEF 2) and 150 kJ/kg
(PEF 5) with an electric field strength of 0.7 kV/cm, it was found that birefringence of starch was lost
extensively at 60 ◦C, compared with starch from untreated samples that lost birefringence at 65 ◦C.
With respect to PEF treatments on potato samples involving electric field strengths of 1.1 kV/cm and
0.9 kV/cm at specific energies of 50 (PEF 4) and 150 kJ/kg (PEF 6), respectively, there was no obvious
indication of the loss of starch birefringence at temperature lower than 60 ◦C. Likewise, a complete
loss of birefringence occurred at a similar temperature as all other starches, i.e., around 65 ◦C for both
untreated and PEF-treated samples. Overall, it was clear that starch isolated from PEF-treated potatoes
were retaining the same gelatinisation behaviour as starch from untreated potatoes. It is important to
note that it is rather challenging to predict precisely the starting gelatinisation temperatures for the
starch under hot-stage microscopy and, hence, the differential scanning calorimetry (DSC) method
(Section 3.5), being a more reliable approach, was used to exhibit the onset, peak and conclusion
temperatures of the starch gelatinisation process.
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3.4. Effect of PEF on the Thermal Stability of Potato Starch Granules

Figure 4 presents the typical curves of weight (%) and its derivative over the temperature (%/◦C)
of thermogravimetric analysis (TGA) of starch isolated from potatoes (IS) and starch leached out in the
processing medium (SPM). In this study, potato powder (PP) was used as a reference to represent the
original sources of the isolated starch.

a  b  

c  

Figure 4. Typical TGA thermograms and their derivative weight of isolated starch (a), starch
from processing medium (b), and potato powder (c) from untreated and PEF-treated potatoes.
The thermograms are similar for each fraction among PEF treatments analysed in triplicate.

In this study, these three types of samples exhibited similar TGA profiles, which are characterised
by two steps of weight loss occurring at similar temperatures. The first step represented the loss of
moisture, occurred at about 30 ◦C and continued until the weight remained constant at about 235 ◦C.
However, compared with those of IS and SPM samples, the initial weight loss on the PP sample
occurred slower prior to achieving the constant weight. This indicated that the moisture in the PP
sample was bound at a stronger level due to the presence of potato tissue which highly contains water
binding compounds, such as pectin, amounting up to 52% of potato cell walls [32].

The second step of weight loss, which occurred at about 260 ◦C, represents the decomposition of
starch polymer resulting in the formation of CO, CO2 and H2O due to the degradation C-O and C-C
bonds [33]. The most intensive decomposition of polymer was found to occur at a similar temperature
across IS, SPM and PP samples, indicating that these three types of samples have polymers with
the same properties from where those potato starch granules were extracted. The most intensive
decomposition temperatures, indicated as Tpdw in Table 2, were 278.35 ± 1.21 ◦C, 279.78 ± 1.55 ◦C,
and 276.78 ± 3.77 ◦C, respectively, for IS, SPM and PP.
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The typical TGA curve in the current study was consistent with the work carried out on corn
starch with two steps of weight losses [34]. However, on the aforementioned study, the Tpdw was found
to be about 300 ◦C, similar to that of maize starch [9]. Therefore, Tpdw can be directly and uniquely
attributed to the type of crystalline structure of the starch. Starch from cereals is characterised by the
A-type crystalline structure while starch granules from tubers are usually characterised by the B-type
of crystalline structure [35]. A similar TGA profile was also found in another potato starch study [36].
Furthermore, the slower weight loss occurring at the first step of weight loss on Agria cultivar in the
current study is similar with those of Agata and IAPAR Cristina cultivars [37]. However, the latter
study showed higher Tpdw, i.e., 300 ◦C and 298 ◦C, respectively, for Agata and IAPAR Cristina. Thus,
thermal stability of potato can also be dependent on the biological origins of samples.

The IS, SPM and PP samples obtained from potatoes treated with PEF at increasing specific
energies from 50–150 kJ/kg, as well as at increasing electric field strengths from 0.5–1.1 kV/cm were
found to have negligible influence on the Tpdw. In other words, the Tpdw values for all starch samples
obtained from PEF-treated potatoes were not significantly different from their untreated counterparts.
This finding is consistent with the work of Han with his co-workers [9] who reported that thermal
stability of maize starch remained unchanged (Tpdw at about 300 ◦C) even after PEF treatment at high
intensity electric field strengths between 30 and 50 kV/cm.

3.5. Study on the Effect of PEF on the Gelatinisation Temperature of Potato Starch Granules

Temperatures at the onset (To), peak (Tp) and concluding stage of gelatinisation (Tc), as well as
the temperature range (R = Tc–To) and enthalpy change during gelatinisation (ΔH), are important
parameters in investigating the gelatinisation behaviour of starch. These parameters can be obtained
using the method of differential scanning calorimetry (DSC) [20,30,38,39]. Figure 5 presents the DSC
thermograms for IS, SPM and PP with the corresponding temperature values are presented in Table 2.
In the same manner as TGA assay, potato powder (PP) was used as a reference in this DSC assay to
represent the original sources of the isolated starch. The IS, SPM, and PP samples from untreated
potatoes gelatinised at To of 56.67–57.69 ◦C followed by Tp between 59.81 and 62.08 ◦C, and finally
reached Tc between 64.83 and 67.75 ◦C. The corresponding temperature range (R) was narrow for
IS samples (8.16 ± 1.87 ◦C), followed by SPM samples at 9.39 ± 0.20 ◦C and the widest for PP at
10.30 ± 0.47 ◦C. Overall, it was demonstrated that IS, SPM and PP samples from untreated potatoes
shared some similarities in the gelatinisation temperatures, but DSC thermograms also showed that
PP samples experienced the lowest ΔH (26.26 ± 0.23 J/g) compared to IS (33.37 ± 7.09 J/g) and SPM
(37.32 ± 1.97 J/g) samples.

The present study found that starches isolated from any PEF-treated potatoes (IS), either at
increasing electric field strengths up to 1.1 kV/cm and increasing specific energies up to 150 kJ/kg, were
gelatinised in a similar matter as starch isolated from untreated potatoes. It indicated that starch in
potato tissue was not prone to PEF treatment probably due to its location in potato tissue. The PEF
energy delivered to the potato tissue lead to pore formation on the cell membrane as indicated by
the increase in conductivity and browning index, but it was not sufficient to cause the change in the
starch structure.

With respect to the starch from PEF processing medium (SPM), those samples derived from
PEF-treated potatoes were found to share similar values for gelatinisation temperatures of To, Tp and
Tc. However, there was a significant difference in the gelatinisation temperature range (R) among
the SPM samples owing to the intensity of PEF initially applied to the potato samples. In particular,
SPM samples from potatoes after PEF treatment at higher specific energies of 150 kJ/kg (PEF 5 and PEF
6) were found to have a narrower gelatinisation temperature range compared to SPM sample from
untreated potatoes, i.e., R decreased from 9.39 to 7.98 ◦C. Since the range of gelatinisation temperature
is inversely proportional to the degree of cohesion between crystallites of starch [40], a narrow range
of gelatinisation temperature reflects a stronger cohesion between crystallites, particularly after PEF
treatment at high specific energy. Moreover, a narrow gelatinisation temperature range exhibited by
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SPM samples at high-energy PEF treatment could be due to no potato tissue was present to protect the
starch granules from the PEF energy. Hence, the starch was more prone to the PEF treatment. It is
important to note that the starch found in the processing medium is generally represented by starch
granules available at the surface of potato tissue which were washed out into the PEF processing
medium during the process.

 
(a) (b) 

 

(c)  

Figure 5. DSC thermograms of isolated starch (a), starch from processing medium (b), and potato
powder (c) from untreated (No PEF) and PEF-treated potatoes at 50 kJ/kg specific energy with field
strengths (kV/cm) of 0.5 (PEF 1), 0.7 (PEF 2), 0.9 (PEF3), 1.1 (PEF 4) and at 150 kJ specific energy
with field strength (kV/cm) of 0.7 (PEF 5) and 0.9 (PEF 6). To: temperature of onset gelatinisation,
Tp: temperature of peak gelatinisation, Tc: temperature of conclusion gelatinisation, R: gelatinisation
temperature range, ΔH: enthalpy change of gelatinisation.

On PP samples, apparent changes were found on PEF-treated samples such as in Tp of PEF 1, PEF
2, PEF 6 and ΔH of all PEF treatments. These changes were presumably associated with the variation
in the amount of starch in PP sample during DSC analysis considering that the sample size is limited to
about 2.45 mg dry sample whereas, in fact, a lesser amount of starch in the sample matters in lowering
the peak height of Tpdw in the thermal stability of PP sample compared with those of IS and SPM
samples, as shown by the finding in TGA analysis.

The effect of PEF on the narrower temperature range of gelatinisation (R) of SPM sample in the
current study was different from the work carried out on 8% (w/w) potato starch in water dispersion
and PEF-treated at intensities up to 50 kV/cm [10]. In the Han and co-workers study [10] the
temperature range of gelatinisation was slightly broadened with increasing field strength from 30 to
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50 kV/cm indicating less structuring of the resulted starch granule after PEF treatment. Furthermore,
the previous study did not mention whether specific energy was also important in the change of
gelatinisation temperature range. The different phenomenon observed in this study and that of Han
and co-workers [10] could also be due to the differences in the potato cultivar and PEF processing
parameters used.

3.6. Susceptibility of Starch Granules from PEF-Treated Potatoes towards Heat Stable α-Amylase

The susceptibility of starch to heat stable α-amylase is an important property of starch [41].
This indicates the starch damage [42] occurring in the development of porous starch granule [43] and
damage found on the starch due to processing [44] which influence starch functionalities. Unlike corn
starch and starch from cereal sources, potato starch is described as a very large and smooth granule [45]
with a relatively well-ordered and dense structure. For this reason, potato granules are considered
to be relatively resistant to hydrolytic enzymes such as amyloglucosidase and α-amylase [12,46].
As was done for the TGA and DSC assays, potato powder (PP) was used as a reference in the enzyme
susceptibility assay to represent the original sources of the isolated starch.

Table 3 presents the susceptibility of IS, SPM, and PP from PEF-treated potatoes and untreated
samples expressed as total hydrolysed starch. The total hydrolysed starch found in the current study
were on average 68.62% ± 4.08%, 73.09% ± 2.65%, and 62.83% ± 6.16%, respectively, for IS, SPM and
PP from untreated potatoes. These values are comparable with the hydrolysed starch reported in other
potato cultivars which range from about 68–73% [47]. Moreover, PP samples, regardless of the level
of PEF-treatment, consistently showed a lower enzyme susceptibility towards heat stable α-amylase
compared to their corresponding IS and SPM samples. This could be due to a lower starch content
available in the PP samples. Results from TGA (Table 2) further support this assumption since it was
found that the height of Tpdw peak of the PP samples was typically lower than IS and SPM samples.

With respect to PP samples, it was clear that any PEF treatments applied on the potatoes did
not significantly impact their enzyme susceptibility towards heat stable α-amylase. Likewise, for
starch inside the potatoes (IS samples), this study showed that PEF treatments led to no statistically
significant effect on their susceptibility towards heat stable α-amylase. However, it was interesting to
find that IS samples from PEF-treated potatoes at an electric field strength of 0.7 kV/cm regardless of
the specific energy applied (PEF 2 and PEF 5) consistently exhibited higher susceptibility towards heat
stable α-amylase compared with those of IS samples from untreated samples and those from potatoes
treated at other electric field strengths. Such finding indicated that 0.7 kV/cm could be an optimum
electric field strength to be applied on potatoes in order to improve the susceptibility of starch in the
PEF-treated potatoes towards heat stable α-amylase leading to a better digestibility.

With respect to the starch found in the processing medium (SPM samples), the impact of PEF
treatment on their enzyme susceptibility was also not statistically different. However, it is important
to note that SPM samples from potatoes treated at an electric field strength of 0.9 kV/cm combined
with a specific energy of 50 (PEF 3) showed a significant improvement in the susceptibility towards
heat stable α-amylase compared to SPM sample from untreated potatoes. Another interesting finding
was that when applying a higher intensity of specific energy (from 50 to 150 kJ/kg) on potatoes at
either electric field strength of 0.7 or 0.9 kV/cm resulted in the corresponding SPM samples (PEF 2
vs. PEF 5, PEF 3 vs. PEF 6) to be more susceptible towards heat stable α-amylase. This phenomenon
related to the improved enzyme susceptibility as the result of the application of increasing specific
energy for potatoes was only observed for SPM starches. IS or PP starches could not be associated with
the disruption of starch granules and the crystalline structure responsible for gelatinisation remained
unchanged. An enhancement effect on enzyme susceptibility with increasing specific energy for the
SPM was consistent with the structural disruption found for PEF-treated potato starch dispersed in
water [10,48].

166



Foods 2019, 8, 159

3.7. Enzyme Susceptibility of Starch from PEF-Treated Potatoes under In Vitro Simulated Human Digestion
Condition

The in vitro simulated human digestion assay was used to assess the susceptibility of the starches
in potatoes after being treated with PEF towards digestive enzymes. Table 4 summarises the glucose
release per volume digest (mg/mL) of simulated human intestine phase at different digestion period
i.e., 0, 20, 60, 90 and 120 min from IS and SPM isolated from PEF-treated potatoes and untreated control,
compared to its reference, PP samples.

This study found that PEF at all treatments did not significantly change the in vitro simulated
digestibility of IS but did pose some major influence on selected SPM and PP samples. After undergoing
120 min of in vitro simulated human digestion during the intestinal phase, it was found that SPM
samples from potatoes treated with PEF, particularly PEF 4 and 6, showed a slight reduction in starch
digestibility and a prominent reduction was found for that of PEF 4 treatment (i.e., a lower amount of
glucose released compared to SPM samples from untreated potatoes). With respect to PP samples,
the most distinct difference in the starch digestibility was found after these samples had undergone
90 min of in vitro simulated human digestion during the intestinal phase. PP samples from potatoes
treated with PEF, particularly PEF 1 and 6, showed a considerable improvement in starch digestibility
(i.e., a higher amount of glucose released compared to PP samples from untreated potatoes).

Some general findings can be seen in the starch digestibility. PEF-treated samples of SPM tend to
consistently decrease in starch digestibility. It is presumably due to the disruption in starch structure as
indicated by the change in narrowed temperature range of gelatinisation R, as shown by DSC analysis.
PEF treated samples of PP tend to be consistently higher in starch digestibility than those of non-PEF
treated materials. This indicated that potato tissue was more prone than starch to PEF treatment as
already proven by the fact that no change was found in starch properties of IS samples after PEF
treatment. Consequently, pores on cell membranes were formed after PEF treatment [1] leading to
facilitation of enzyme diffusion to reach the starch. Furthermore, the trend of PEF effect on digestibility
of SPM and PP samples was consistently found after the most intensive PEF (PEF 6) which shows the
most extreme change in starch digestibility compared with their untreated counterparts.

The finding in starch digestibility of PEF-treated potato gave an indication that concern to
nutritional attributes and safety of starch from PEF treated potato is unwarranted, as already shown
that starch in potato remained unchanged after PEF treatment. The increase in starch digestibility of
potato (powder) is an additional impact of modification in microstructure of solid plant food after PEF
treatment [1] from other impacts that has been previously studied, such as the reduction of cutting force
for potato [2] and sweet potato [3], the oil uptake during frying and retaining the textural properties [4].
Furthermore, PEF treatment at a proper condition without leading to excessive external energy could
potentially be used on starch to decrease its digestibility.

Regarding the nutritional status of starch, a decrease in starch digestibility is considered as
healthy for some cohorts of consumers. In this context, starch digestibility [22] is divided into (a)
rapidly digestible starch (RDS): starch digested within 20 min; (b) slowly digestible starch (SDS): starch
digested between 20 and 120 min; and (c) resistant starch (RS): starch digested after over 120 min.
The health benefit of decreased digestibility of starch can be attributed either to SDS [49] or RS [50].
SDS is considered as healthy to lower the risk of drastic increase of postprandial blood sugar while RS
is considered as healthy to feed the colon microbiome leading to colonic health of the host [50]. Thus,
RS has been considered as prebiotic [51] and adopted as a functional ingredient [52].

Therefore, a decrease in digestibility of starch is an intended outcome of food processing to produce
resistant starch [53]. Some processing techniques that have been used to lower starch digestibility
are gamma irradiation of corn starch [54], high pressure treatment of starch from wheat, tapioca,
potato, corn, and waxy corn [55], heat moisture treatment of mung beans [56] and rice starch [57],
dual autoclaving-retrogradation of rice starch [58] and annealing of common buckwheat starch [59].
The outcome of the present study shows that PEF can be considered as a technology that contributes to
lowering starch resistance.
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4. Conclusions

This study confirmed that the starch inside potatoes after being treated with PEF remained in
its native state as indicated by the presence of birefringence properties under a polarised microscope.
The thermal stability, gelatinisation behaviour, susceptibility of starch in potato to heat-stable α-amylase
and digestive enzymes under in vitro simulated human digestion conditions remained unchanged
after PEF treatment. However, starch on the surface of potato (that leached into the medium, as SPM)
apparently was found to be more prone to PEF treatment as indicated by a narrow range of the
gelatinisation temperature especially after PEF treatment at 150 kJ/kg, leading to less digestible starch.
Since PEF processing did not change the properties of starch in potatoes as shown in this study it
is suggested that the phenomena previously reported in the literature, such as reduced processing
intensities for frying or changes in sensory properties after frying, is driven more by other factors, such
as structural changes of the potato tissues, and not by modification of potato starch granules.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/5/159/s1,
Video S1: Gelatinisation behaviour of starch from potatoes treated with PEF at an electric field strength of 1.1
kV/cm and energy input of 50.1 kJ/kg (PEF 4) observed under a hot-stage microscopy (at a magnification of 200×)
from 30–80 ◦C at a rate of 5 ◦C/min.
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Abstract: Quality evaluations in potatoes are of necessity to meet the strict demands of the chip
processing industry. Important parameters assessed include specific gravity, dry matter content, chip
color, reducing sugars, and glycoalkaloids. This study was designed with the purpose of identifying
specialized potato clones with acceptable qualities for processing chips, in comparison with two
selected control varieties, Dubaek and Superior. As a result, high dry matter and specific gravity
were observed for three potato clones, and the quantified -solanine levels ranged from 0.15 to
15.54 mg·100 g−1 fresh weight (FW). Significant variations (p < 0.05) in reducing sugar levels were
observed in clones stored at different temperature conditions. After reconditioning of the tubers at
22 ◦C for 21 days, a significant drop in reducing sugar levels was recorded. In addition, fried chips for
each potato clone were evaluated, and the color measured on the basis of the Snack Food Association
(SFA) chip color score standard. Reconditioned tubers exhibited much lighter and better chip color
compared to their counterparts cold-stored at 4 ◦C. This study observed that for quality processing
of potato chips, clones with combined traits of high dry matter, low levels of glycoalkaloids and
reducing sugars, and acceptable chip color should be used as raw materials.

Keywords: chip processing; cold storage; reconditioning; reducing sugar; potato

1. Introduction

The importance of potatoes as food includes their use as processed products, since they can be
processed into many value-added food items like chips (crisps), dried flakes, French fries, and various
snacks. Processing of potatoes into chips and other products has a great potential in ensuring reduced
loss and waste post-harvesting, in handling and storage.

The industry requirements for processing chips in terms of tuber appearance should be of shallow
eyes, appropriate weight, and round-oval shape [1], whereas long-oval-shaped tubers are preferred
for processing French fries. In addition, tubers should be free from cracks, hollow heart, secondary
damage, rusty spots, and greening. The peel color, flesh color, and flour content should also satisfy the
national consumer preference of any given country.

In the recent years, there has been increasing demand for food convenience, and potato chips meet
these requirements. Potato chips are one of the most convenient ways to serve potatoes, with minimal
preparation needed. Potato chips can be made flavored, plain, with chili, cheese, or seasoning. Their
slicing can be plain, regular, wavy, or waffle-cut. They are a very popular food item for picnics and
parties and can be served conveniently any time as a snack. This withstanding, the quality variation
of the raw materials used to produce chips has led to large differences in their culinary value and
consumer acceptance. Therefore, it is important to address this issue prior to processing in order to
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maintain taste and flavor. Potato flavor results from the combination of taste, aroma, and texture [2].
However, the resultant flavor after processing is sometimes altered because of the effects of cold storage.
Although the storage of potato tubers at low temperature (4 ◦C) minimizes tuber respiration and
sprouting [3], low-temperature storage also activates a process known as low-temperature sweetening
that results in the conversion of starch to reducing sugars. High levels of reducing sugars (glucose
and fructose) lead to undesirable non-enzymatic browning reactions and the formation of amine
groups of free amino acids [4] that cause off-flavors and darkening of the processed potato products [5]
during frying.

In order to mitigate this problem, it is necessary to develop and identify cultivars with first-rate
qualities that can be a game changer in the chip processing industry. In this regard, this study was
designed with the purpose of identifying specialized potato clones with acceptable tuber qualities for
processing chips with respect to tuber specific gravity, dry matter content, chip frying tests, solanine
content, and reducing sugar profiles under different temperature storage regimes.

2. Materials and Methods

2.1. Plant Materials

Among potato breeding clones grown in 2017 spring season in South Korea, Gangwon-do
Province, 21 breeding clones and 2 control varieties (Dubaek & Superior) were finally selected for
further evaluation for chip processing. A criterion of fully mature and healthy tubers of high yield were
used to select the tubers. The selected tubers from each clone were stored at different temperatures:
22 ◦C at harvest, 4 ◦C during cold storage, and 10 ◦C for 3 weeks before experimental analysis. The
cold-stored tubers were then reconditioned at 22 ◦C for additional three weeks and re-evaluated.

2.2. Dry Matter (DM) Content

Clean, dry, standard-size aluminum foil boats were used as crucibles. Sliced samples, 3 mm thin,
(10 g) of each potato clone were weighed in the foil boat, and the initial weight measured in grams.
The samples were dried in an electric oven overnight for 16 h at 105 ◦C to a constant weight. The total
solid content of each clone was calculated as a percentage. Four 10 g samples were measured for each
clone. (DM % = (final dried weight/initial weight) × 100).

2.3. Specific Gravity (SG)

Six (80–130 g) tubers from each potato clone were weighed in air and under water. Tubers were all
weight-matched to ensure uniformity per clone. Average underwater weights were used to calculate
the specific gravity.

SG = (weight in air/ weight in water × density water (g·cm−3))

2.4. Reducing Sugar

The reducing sugar was quantified by the dinitrosalicylic acid (DNS) method [6]. For the
procedure, 1 g of freeze-dried powdered sample was added to 50 mL of distilled water and shaken for
1 h. The supernatant was centrifuged at 3000 rpm for 30 min. In the experiment, 2 mL of DNS was
added to 1 mL of sample in a glass tube (15 × 100) and incubated at 99 ◦C in a water bath for 10 min.
After cooling, the absorbance was measured at 550 nm in a microplate reader. The experiment was
replicated twice. The samples were analyzed against glucose standards of known concentrations.

2.5. Chip Frying Test

Potato tubers of different clones were washed clean and sliced from apical to basal ends. Thin
slices (1 mm) were cut using a hand-held slicer. The slices were then rinsed in water to remove excess
starch and blot-dried on paper towels. A deep-fryer machine containing vegetable oil was used to

174



Foods 2019, 8, 98

prepare the chips. At a constant temperature of 180 ◦C, the chips were fried for 2 min and then placed
on a paper towel to drain off excess oil. The chips were then photographed after cooling, using a
high-resolution Canon EOS 5D Digital SLR Camera (Chuncheon, Korea), and their color measured on
the basis of the Snack Food Association (SFA) chip color measurement standard.

2.6. Glycoalkaloid Analysis

Tubers of 21 clones and 2 control varieties were used. The samples were sliced whole with the
skin intact and freeze-dried (ilshin Lab Co., LTD, Chuncheon, Korea) prior to glycoalkaloid content
analysis to determine -solanine. All reagents for the analysis were prepared in HPLC-grade deionized
water. The -solanine standard and acetonitrile HPLC-grade were purchased form Sigma Aldrich
(Chuncheon, Korea). All other chemicals used were of standard analytical grade.

Analysis was carried out according to Hellenas et al., 1995a [7], with some modifications. In
the experiment, 10 g powder extracted from a whole tuber was mixed with 20 mL water/acetic
acid/sodium bisulphate (NaHSO3) in the ratio 95:5:0.5 (v/v/w) in a blender. The mixture was diluted
up to 50 mL using the same extraction solvent and vacuum-filtered through Whatman filter paper
No.1. The filtrate was further cleaned up by centrifugation at 6500 rpm for 10 min. A volume of 5 mL
of supernatant was obtained which was further cleaned up by extraction with 1mL acetonitrile, 1 mL
water/acetic acid/NaHSO3 solvent, 0.8 mL water/acetonitrile, 0.8 mL acetonitrile/0.022 M potassium
phosphate buffer, pH 7.6, 55:45 (v/v), all preconditioned and filtered.

-solanine was quantified using High-performance liquid chromatography (HPLC) apparatus
(Shimadzu Corp, Tokyo, Japan) consisting of a 250 × 4.6 mm NH2 analytical column; mobile phase of
acetonitrile/0.022 M potassium dihydrogenphosphate (KH2PO4) buffer, pH 4.7, 75:25 (v/v), at a flow
rate of 1.5 mL/min, UV absorption of 200 nm wavelength, and 0.05 Absorbance units full scale (AUFS)
sensitivity. The injection volume used was 20 μL. The retention time for -solanine was approximately
5.7 min, and sample extracts were quantified by comparing their corresponding peak areas with those
of known amounts of standard. All samples were replicated twice and read against solanine standards
of known concentrations.

2.7. Statistical Analysis

The samples’ mean variations were analyzed by analysis of variance (ANOVA) software using
IBM Corp. IBM SPSS Statistics for Windows, Version 23.0 Armonk, NY, USA. Significant differences
were evaluated using Tukey’s test at a 95% confidence interval.

3. Results and Discussion

3.1. Dry Matter Content and Specific Gravity

The potato clones varied with respect to dry matter content and specific gravity (Table 1). Tuber
dry matter ranged from 18.37 ± 1.08 to 25.10 ± 0.88%, and specific gravity from 1.079 ± 0.006 to
1.096 ± 0.005. For both parameters, four specific clones (V50, V48, N109-35, N357) performed better
than the control variety Dubaek (DM 23.22%, SG 1.088) with p < 0.05, while other 11 cultivars showed
a similar trend, with significantly higher total solids and specific gravity levels compared to Superior
(DM 21.92%, SG 1.078).
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Table 1. Tuber dry matter content and specific gravity of potato clones.

Clones Dry Matter (%) Specific Gravity

V50 25.10 ± 0.88 a 1.096 ± 0.005 a

V48 24.84 ± 0.30 a 1.093 ± 0.008 ab

N109-35 24.75 ± 0.63 ab 1.092 ± 0.006 abc

N357 24.02 ± 0.42 abc 1.091 ± 0.005 a–d

Dubaek 23.22 ± 0.41 a–d 1.088 ± 0.006 a–e

V93 23.14 ± 0.51 a–d 1.082 ± 0.005 a–g

A165-4 23.06 ± 0.74 a–d 1.076 ± 0.010 d–g

N2-6 22.77 ± 0.44 a–d 1.086 ± 0.010 a–f

N96-29 22.43 ± 1.19 b–e 1.074 ± 0.008 efg

Gogu 22.36 ± 0.57 cde 1.073 ± 0.003 fg

V18 22.27 ± 0.25 cde 1.079 ± 0.008 b–g

N189 22.26 ± 0.72 cde 1.079 ± 0.004 b–g

V17 22.22 ± 1.60 cde 1.086 ± 0.008 a–f

V16 21.97 ± 0.85 cde 1.081 ± 0.004 b–g

A188-10 21.84 ± 0.74 cde 1.069 ± 0.008 g

A9 21.77 ± 0.24 cde 1.082 ± 0.007 a–g

Superior 21.92 ± 0.69 cde 1.078 ± 0.005 c–g

N69-2 21.67 ± 2.50 cde 1.083 ± 0.008 a–g

V63 21.64 ± 0.36 cde 1.082 ± 0.008 a–g

A27 21.60 ± 0.74 de 1.080 ± 0.009 b–g

A186-23 20.33 ± 0.51 ef 1.074 ± 0.006 efg

A12-5 20.20 ± 0.93 ef 1.071 ± 0.005 g

A35-6 18.37 ± 1.08 g 1.079 ± 0.006 b–g

Table results expressed as mean ± standard deviation. The means with different letters in each column are
significantly different with p < 0.05 in Tukey’s test.

The observed differences in dry matter and specific gravity among potato clones may be mainly
due to genetic constitution, since all clones were grown and tested in one location with similar
management. Tuber dry matter content is the most important attribute that determines the quality and
yield of fried and dehydrated products. Higher dry matter or total solids result in higher recovery of
the processed products, lower oil absorption, less energy consumption, and crispier texture [8,9].

Based on Pearson correlation test (r = 0.696) performed in the study, it was observed that clones
with high specific gravity exhibited significantly (p < 0.01) high dry matter content, which is an
important feature in the selection for processing chips. Tuber specific gravity is often used in the
processing industry as a means for a quick estimation of total solids, as the two parameters are highly
correlated [10,11].

3.2. Reducing Sugar

Significant (p < 0.05) variations in the reducing sugar content of the potato clones were observed
under different temperature storage regimes. Overall, the reducing sugar content across the three
temperature storage conditions ranged from 2.24 to 40.84 mg·g−1 dry weight (DW) (Table 2).
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Table 2. Tuber reducing sugar contents in different cold storage conditions.

Reducing Sugar (mg·g−1 dry weight (DW))

Clones At Harvest (22 ◦C) Cold Storage (4 ◦C) Cold Storage (10 ◦C)

V50 2.43 ± 0.07 a 7.02 ± 0.10 c 2.64 ± 0.01 ab

V93 2.69 ± 0.04 ab 3.43 ± 0.04 b 2.83 ± 0.04 abc

Dubaek 2.77 ± 0.03 ab 2.56 ± 0.17 a 2.24 ± 0.02 a

V48 2.79 ± 0.06 abc 2.61 ± 0.03 a 2.98 ± 0.01 bc

Superior 3.37 ± 0.03 cd 7.01 ± 0.15 c 6.75 ± 0.07 gh

N109-35 2.63 ± 0.01 ab 17.36 ± 0.26 j 3.33 ± 0.10 c

N2-6 5.58 ± 0.26 f 10.27 ± 0.23 e 8.70 ± 0.23 k

A9 4.66 ± 0.10 e 12.73 ± 0.30 g 3.37 ± 0.14 c

A165-4 9.86 ± 0.02 i 9.96 ± 0.20 e 7.24 ± 0.46 hij

V17 3.13 ± 0.02 bcd 8.99 ± 0.24d 2.52 ± 0.10 ab

A12-5 5.15 ± 0.06 ef 37.92 ± 0.12 o 4.97 ± 0.03 d

V63 2.36 ± 0.04 a 11.19 ± 0.04 f 2.81 ± 0.08 abc

N357 2.42 ± 0.05 a 6.94 ± 0.07 c 2.32 ± 0.27 a

V18 2.85 ± 0.10 abc 21.96 ± 0.04 m 6.93 ± 0.09 ghi

N69-2 7.05 ± 0.10 g 28.49 ± 0.31 n 6.46 ± 0.09 fg

N96-29 8.58 ± 0.27 h 16.42 ± 0.10 i 13.93 ± 0.23 m

A35-6 6.65 ± 0.00 g 12.41 ± 0.08 g 6.07 ± 0.04 ef

Gogu 3.71 ± 0.10 d 18.71 ± 0.08 k 9.68 ± 0.12 l

N189 2.65 ± 0.44 ab 15.40 ± 0.24 h 4.61 ± 0.01 d

A186-23 12.82 ± 0.28 k 28.75 ± 0.34 n 19.18 ± 0.04 n

A188-10 11.36 ± 0.00 j 37.87 ± 0.00 o 7.47 ± 0.10 ij

V16 2.82 ± 0.02 abc 40.84 ± 0.47 p 5.78 ± 0.2 7e

A27 5.70 ± 0.03 f 21.11 ± 0.06 l 7.62 ± 0.22 j

Mean 4.96 ± 0.09 16.52 ± 0.16 6.11 ± 0.11

Table results expressed as mean ± standard deviation. The means with different letters in each column are
significantly different with p < 0.05 in Tukey’s test. The Bold is used to contrast the average mean against
individual values

For the tubers analyzed at harvest, three clones (V63, N357, V50) exhibited significantly lower
levels of total reducing sugars compared to the main control variety ‘Dubaek’, while another set of
genotypes (N109-35, N189, V93, V48, V16, V18) showed just as great processing aptitude potential at
harvest, with similar sugar levels as the control.

At 4 ◦C cold storage, the clones (V93 & V48) exhibited the desired low reducing sugar levels
alongside the control variety ‘Dubaek’. Such cultivars with cold chipping properties are of great
importance to the chip processing industry as they can provide high-quality material for processing all
year round and thus increase industry efficiency.

At 10 ◦C cold storage, the overall mean reducing sugars of the genotypes were considerably low
(Table 2), and many clones (N357, V17, V50, V63, V93, V48, A9) showed great aptitude for processing
in terms of the desired total reducing sugar levels. This could be attributed to the fact that, in general,
potato tubers for chip processing are stored at temperatures of about 8 to 12 ◦C in order to avoid an
increase in sugar content [12].

At harvest, the potato clones’ mean levels of reducing sugars (Table 2) were lower than those
of their counterparts cold-stored at 4◦ and 10 ◦C. This has also been noted by Hayes and Thill [13]
and Meena et al. [14] who observed that ‘tubers have low levels of reducing sugars and produce
light-colored chips directly after harvest’. The high levels of sugars in 4 ◦C stored tubers occurred
as a result of low-temperature sweetening (LTS). During LTS, potato tubers accumulate sucrose and
reducing sugars (glucose and fructose). This accumulation of sugars at low temperature causes a
reduction in starch content and ultimately affects the quality of the fried products [15].

Among other parameters, the reducing sugar level is considered one of the most limiting
factors in cold chip processing. The sugars in tubers react with proteins and free amino acids in
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the cytoplasm during the frying process, producing dark pigments with a bitter taste that devalue
the final product [16]. Therefore, the importance of using material with low sugar contents is further
emphasized by our study results.

3.3. Reconditioning Effect on Potato Clones

After cold storage at 4 ◦C, the potato clones were put at ambient temperature of 22 ◦C for 21 days
in order to evaluate their reconditioning ability. During reconditioning, accumulated sugars are
eliminated in the increased storage temperature. The decrease in sugar levels results from respiration
as well as reconversion of sugars to starch [17].

From the results (Table 3), it was seen that two genotypes (V50, V93) that had performed relatively
poorly in 4 ◦C cold storage were able to recondition well enough alongside the main control variety.
Another set of genotypes (V48, N109-35, N2-6, A9) also showed high reconditioning ability, with the
clone V48 showing the lowest and safest reconditioning ratio (Table 3) among the top performers.
A genotype with safe reconditioning ratio would be desirable for the chip processing industry as
it exhibits consistent reducing sugar levels both in cold storage and in reconditioned states. The
reconditioning ratios were calculated and expressed as a percentage of reconditioned tubers against
non-reconditioned ones.

Recondition Ratio (%) = 100 − (Reconditioned state/cold-storage state × 100)

Table 3. Reducing sugar levels after cold storage and after reconditioning.

Reducing Sugar (mg·g−1 DW)

Clones Cold Storage (4 ◦C) Reconditioned (22 ◦C) Recondition Ratio (%)

V50 7.02 ± 0.10 c 1.73 ± 0.06 a 75.4
V93 3.43 ± 0.04 b 1.85 ± 0.03 a 46.1

Dubaek 2.56 ± 0.17 a 1.92 ± 0.08 a 25.0
V48 2.61 ± 0.03 a 2.18 ± 0.01 ab 16.7

Superior 7.01 ± 0.15 c 2.23 ± 0.13 ab 68.2
N109-35 17.36 ± 0.26 j 2.42 ± 0.00 abc 86.1

N2-6 10.27 ± 0.23 e 2.43 ± 0.15 abc 76.3
A9 12.73 ± 0.30 g 2.72 ± 0.03 abc 78.6

A165-4 9.96 ± 0.20 e 3.34 ± 0.01 abc 66.4
V17 8.99 ± 0.24 d 3.58 ± 0.08 abc 60.2

A12-5 37.92 ± 0.12 o 3.94 ± 0.04 bc 89.6
V63 11.19 ± 0.04 f 4.22 ± 0.01 cd 62.3

N357 6.94 ± 0.07 c 6.05 ± 0.09 de 12.8
V18 21.96 ± 0.04 m 6.60 ± 0.11 e 69.9

N69-2 28.49 ± 0.31 n 6.96 ± 0.06 e 75.6
N96-29 16.42 ± 0.10 i 7.27 ± 0.06 e 55.8
A35-6 12.41 ± 0.08 g 7.38 ± 0.24 e 40.5
Gogu 18.71 ± 0.08 k 13.99 ± 0.16 f 25.2
N189 15.40 ± 0.24 h 15.05 ± 0.24 f 2.2

A186-23 28.75 ± 0.34 n 17.01 ± 2.11 g 40.8
A188-10 37.87 ± 0.00 o 18.45 ± 0.13 g 51.3

V16 40.84 ± 0.47 p 20.53 ± 0.23 h 49.7
A27 21.11 ± 0.06 l 21.97 ± 0.74 h −4.0

Table results expressed as mean ± standard deviation. The means with different letters in each column are
significantly different with p < 0.05 in Tukey’s test.

On the basis of the reconditioning trends, we observed that not all potato cultivars reconditioned
positively, and although some clones (A165-4, V17, A12-5) showed a great come-back ability, their
reducing sugar levels were still not within the acceptable range. This is a confirmation that the degree
to which quality can be restored with reconditioning varies with cultivar [18].
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3.4. Chip Frying Test

A major indicator of chip quality after frying is the resultant chip color. This attribute can be
adequately measured on the SFA color scale (Figure 1), with the lighter color (score 1.0) being highly
desirable, and the darker color (score 5.0) considered as unacceptable. The SFA chip color scores of the
fried potato clones stored at different temperature conditions were evaluated and recorded (Table 4).

Figure 1. Snack Food Association (SFA) chip color measurement standard.

For tubers fried after 4 ◦C cold storage, four clones (A9, V93, V48, A165-4) exhibited acceptable
light chip color alongside the control ‘Dubaek’. Among these, only two clones (V93, V48) showed
consistency in chip color and their corresponding reducing sugar content (Table 2, Figure 2).

 

Figure 2. Fry chip color of samples prepared from clones cold-stored at 4 ◦C: V50, V93, Dubeak, V48,
Superior, N109-35, N2-6, A9, A165-4 and V17 from left to right respectively.
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Table 4. Potato chip color scores after frying tests in relation to different storage conditions.

Snack Food Association (SFA) Chip Color measurement z

Clones Cold Storage (4 ◦C) Cold Storage (10 ◦C) Reconditioned (22 ◦C)

A9 2.0 2.5 2.5
A188-10 4.5 4.0 4.0

V16 3.0 3.5 4.0
A12-5 4.0 3.5 3.0
V17 3.0 2.5 2.5
V93 1.0 2.0 1.5

N357 3.0 1.5 2.5
V48 2.5 1.5 1.5

Superior 2.5 2.5 1.5
Dubaek 1.5 1.5 1.0

V63 3.0 3.0 3.0
V18 3.5 3.5 3.5

A165-4 2.5 4.5 2.0
V50 3.0 1.5 1.5
N2-6 3.0 2.5 2.0
N189 3.5 3.0 3.5
N69-2 3.0 3.0 3.0
N96-29 4.0 3.5 3.5

A27 3.5 3.5 4.5
Gogu 4.5 4.5 4.5

N109-35 3.0 1.5 3.5
A35-6 3.0 3.0 3.0

A186-23 4.5 5.0 4.5
Z SFA scores measured on a scale of 1–5, with 1 = light color, and 5 = dark color.

The study observed that reconditioning tubers at 22 ◦C for 21 days had a positive effect on many
clones (A9, V93, N357, V48, A165-4, V50, N2-6, N69-2) alongside the experimental controls Dubaek
and Superior. Among these, five clones (A9, V93, V48, V50, N2-6) were graded as acceptable on the
basis of the corresponding light chip color and low reducing sugar levels (Table 2, Figure 3).

Figure 3. Fry chip color of clone samples reconditioned at 22 ◦C: V50, V93, Dubeak, V48, Superior,
N109-35, N2-6, A9, A165-4 and V17, from left to right.

3.5. Glycoalkaloids

The isolation of glycoalkaloids from tubers is based on the fact that the major alkaloids are
soluble in slightly acidified water [19]. The glycoalkaloid ( -solanine) contents in tubers showed wide
variation among the potato genotypes, ranging from 0.15 to 15.54 mg·100 g−1 fresh weight (FW). In the
study, one cultivar (V50) exhibited undetectable levels of -solanine alongside the control variety, and
although only one of the major glycoalkaloids ( -solanine) was quantified, the levels were generally
considered acceptable with regards to potato chip processing, on the basis that the total glycoalkaloid
content considered safe for consumption should not exceed 20 mg·100 g−1 FW [20]. The variations
observed in solanine contents (Figure 4) could be attributed to genetically inherited differences of the
potato clones and, on a broader perspective, to environmental factors during growth and storage.
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Figure 4. Solanine content in potato clones. Significant mean differences shown with p < 0.05 in
Tukey’s test.

While thermal processing of tubers such as boiling potatoes in water and frying partly eliminate
glycoalkaloids, processes such as baking, rinsing, cooking, slicing, and pulsed electric field have no
significant effect on glycoalkaloid reduction [21]. Therefore, it is of utmost importance in processing
chains that glycoalkaloid levels be kept low, especially when introducing new cultivars in the market.

4. Conclusions

The reconditioning of potato clones at 22 ◦C for up to 21 days was seen to be effective for eight
potato clones. We observed that for quality processing of potato chips, clones that possess combined
traits of high dry matter, low levels of reducing sugars, and low levels of glycoalkaloids with acceptable
light chip color should be used as raw materials. On the basis of these parameters, we identified three
clones (V93, V48, A9) that exhibited an outstanding chip processing aptitude both in cold storage and
in reconditioned states. These clones were finally selected for recommendation to the chip processing
industry in Korea and beyond.
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