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Pulsed electric field (PEF) processing of licorice root “sherbet” (LRS) by
various electric field strengths (7.00, 15.50, and 24.10 kV/cm), treatment
times (108, 432, and 756 µsec), and processing temperatures (6, 18, and
30°C) according to the Box–Behnken design were performed. The samples
were analyzed for pH, titratable acidity, conductivity, turbidity, total
reducing sugar, color (L*, a*, and b*), hue, chroma, total color difference,
color intensity, color tone (yellow, red, and blue color tones), total
antioxidant capacity, total phenolic substance content, and sensory
properties. Results revealed that PEF processing did not adversely affect
most of the physical, chemical, and sensory properties of LRS, with a
maximum of 2.48, 4.04, 1.78, and 1.20 log reductions on the initial total
mesophilic aerobic bacteria, total mold and yeast, Bacillus circulans, and
Candida tropicalis. The response variable modeled for the PEF was found to
be conductivity, with the optimum processing conditions of 6.90 kV/cm,
756.00 µs, and 7.48°C. After that, the samples were stored at 4°C and 22°C for
shelf-life studies. Control samples at 4°C and 22°C were spoiled on the fifth
and second days, whereas PEF-treated samples stored at 4°C began to
deteriorate after the 40th day and the samples stored at 22°C after the
30th day, respectively. It was revealed that PEF is a suitable process to extend
the shelf-life of licorice “sherbet” with preservation of physicochemical and
sensory properties.
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Highlights

- PEF processing of licorice root “sherbet” by energies up to 39.90 J did not cause
significant changes in most of the physical, bioactive, and sensory properties.

- Maximum of 2.48, 4.04, 1.78, and 1.20 log reductions on the initial total mesophilic
aerobic bacteria, total mold and yeast, Bacillus circulans, and Candida tropicalis were
obtained by PEF processing.

- The optimum PEF-processing parameters to process licorice root “sherbet” were
6.90 kV/cm, 756.00 µs, and 7.48°C.

- PEF processing provided a shelf-life extension of licorice root “sherbet” over 40 days
at 4°C.
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1 Introduction

Licorice, known as the stolon and the root of the Glycyrrhiza
plant from the Leguminosae family, has been known as one of the
most commonly used medicinal herbs in the pharmaceutical, food,
and cosmetic industries since ancient times (Hayashi and Sudo,
2009). Water extract of licorice, also known as licorice root drink
(LRD) or licorice root “sherbet” (LRS), is commonly consumed in
summer in most of the Middle East countries and in the eastern-
south eastern part of the Republic of Türkiye (Evrendilek et al.,
2021). The “sherbet” is freshly prepared by immersing the shredded
roots in water and extracting the water-soluble components
overnight (Ariño et al., 2007). There is a high demand for LRS
consumption, especially in the summertime, due to its refreshing
sweet taste, but its consumption is limited due to its short shelf-life.
LRS is a very sweet and low-acid drink that is prone to spoilage by
microbial growth within a couple of days after production. Heat
processing of LRS provides shelf-life extension, but physical and
organoleptic properties are affected adversely by heat application;
thus, alternative processing technologies are in high demand.

Processing of LRS by high hydrostatic pressure (HHP) processing
(200–500 MPa pressure, 3–15 min treatment time, and 4°C–40 °C
treatment temperature) with determination of changes in
physicochemical properties provided a shelf-life extension of
25 days (Evrendilek et al., 2021). HHP processing of acidified LRS
provided an increase in consumer acceptability with an increase in
shelf-life (Aday et al., 2021). Processing of LRS byHHP (250, 355, and
450 MPa for holding times of 1 and 5 min) resulted in significant
microbial inactivation with no significant difference in
physicochemical and sensory properties (Aday et al., 2018).

The pulsed electric field (PEF) has gained popularity as it is one
of the most appropriate non-thermal processing technologies to
process liquid foods with low viscosity. Although studies mostly
reported on different types of food, including fruit and vegetable
juices (Evrendilek et al., 2021; Kantala et al., 2021; Delso et al., 2022;
Evrendilek, 2022; Oziembłowski et al., 2022; Roobab et al., 2022), a
limited number of studies are reported with LRS processing by PEF.
Processing of Mentha piperita essential oil-added LRS by PEF
provided a shelf-life extension of 6 weeks (Demir et al., 2022).
Even though PEF processing can be a viable alternative to
process LRS with shelf-life extension, studies focused on PEF
processing of LRS are very limited. Therefore, the objectives of
the study include 1) PEF processing of LRS based on the
Box–Behnken design, 2) observing the changes in important
quality properties and determining microbial inactivation, 3)
optimizing PEF-processing parameters for shelf-life studies, and
4) determining the shelf-life extension of LRS processed by optimum
PEF-processing parameters.

2 Materials and methods

2.1 Materials

Dry shredded licorice roots were purchased from a wholesaler
(Ankara, Türkiye). API50 CHB/E and API 20C tests were purchased
from bioMérieux, Inc. (Durham, NC, United States). Nutrient agar
(NA), yeast extract agar (YEA), plate count agar (PCA), potato

dextrose agar (PDA), and yeast extract (TE) were purchased from
Fluka (Seelze, Germany), while tartaric acid, 3,5-dinitrosalicylic acid
(DNS), NaOH, sodium potassium tartrate, glucose, and 2,2-
diphenyl-1-picryl-hydrazyl-hydrate (DPPH) were obtained from
Sigma (Steinheim, Germany). OSU-4A PEF treatment system was
constructed by the Ohio State University (Columbus, OH,
United States). A trigger generator (model 9300 series) was
purchased from Quantum Composers, Inc. (Bozeman, MT,
United States), K-type thermocouples were provided by Fisher
Scientific (Pittsburgh, PA, United States), a two-channel digital
oscilloscope (model TDS 320) was purchased from Tektronix,
Inc. (Beaverton, OR, United States), and a water bath (model
RTE-11) was purchased from NESLAB Instruments, Inc.
(Newington, NH, United States). The Sension 5 model
conductivity meter was purchased from HACH (CO, ABD), the
pH-2005 model pH meter was purchased from JP Selecta SA
(Barcelona, Spain), and the 20008 model turbidity meter was
purchased from MICRO TPI (Istanbul, Türkiye). The Hunter
ColorFlex spectrophotometer was provided by Hunter Associates
Laboratory, Inc. (Reston, VA, United States), while the T80+ UV/
VIS model spectrophotometer was purchased from PG Instruments
(Leicestershire, United Kingdom).

2.2 Preparation of licorice root “sherbet”

Licorice root “sherbet” was prepared by immersing 20 g of dried
shredded licorice roots in 20 L water at room temperature for
16–18 h at 4°C. The “sherbet” was filtered through cheesecloth to
remove particles to obtain a clear drink with goldish-yellowish color.
The LRS was kept at refrigeration temperature and processed
immediately by PEF.

2.3 Isolation of microbial cultures from
licorice root “sherbet”

Both Bacillus circulans and Candida tropicalis cultures isolated
from LRS were identified using API50 CHB/E and API 20C tests.
The isolated B. circulans culture was plated onto NA and incubated
at 22°C ± 2°C for 48 h, while the isolated C. tropicalis culture was
plated onto YEA and incubated at 35°C ± 2°C for 72 h. Both cultures
were inoculated into LRS at a level of 105–106 cfu/mL (Evrendilek
GA et al., 2021).

2.4 Pulsed electric field treatment

A continuous flow PEF treatment unit with six treatment
chambers was used to treat LRS samples. K-type thermocouples
were attached to the inlet and outlet of the co-field flow treatment
chambers that were 0.29 cm in diameter and had a 0.23-cm gap to
measure the temperature of the samples before and after each
treatment chamber. Square-shaped bipolar pulses with 20 µsec
delay time, and 3 µsec pulse width were applied. The treatment
temperature was controlled with water set at 10°C–12°C.

Pulse duration time, pulse delaying time, and pulse repetition
rate were controlled using a trigger generator. Applied current and
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voltage were measured using a two-channel digital oscilloscope.
The PEF system had 200–1,200 Ω of load resistance, 60 A max of
output current, 16 J of energy storage, 12,000 V max of output
voltage, and 10,000 pulse per second (pps) max repetition rate.
PEF-processing parameters of 500 pps frequency, 1 mL/min
flow rate, 1–7 cycle time, 2–7 kV, and 6°C–30°C treatment
temperature (T) were applied according to the Box–Behnken
experimental design (Table 1).

2.5 Quality properties measurement of
licorice root “sherbet”

Conductivity (µS/cm), pH, and turbidity (NTU) of the samples
at room temperature were measured using a conductivity meter,
pH meter, and turbidity meter, respectively. Titratable acidity (TA,
g/100 mL) using the titrimetric method was determined as
glycyrrhizic acid equivalent (Evrendilek et al., 2021).

Color measurement of LDS samples with the measurement of
L*, a*, and b* values were performed using the Hunter ColorFlex
spectrophotometer, chroma (C*), hue (ho), and total color difference
(ΔE) were driven from the measured L*, a*, and b* values.
Moreover, the samples were inspected for blue color tone (BCT,
OD520), yellow color tone (YCT, OD420), and red color tone (RCT,
OD620), which were measured using a UV spectrophotometer. Color
intensity (CI = OD420+ OD520+ OD620) and color tone (OD420/
OD520) were measured by measured color tones. Percent of yellow,
red, and blue colors were calculated as follows (Ribéreau-Gayon
et al., 2006):

%YCT420 � OD420

CI
( ) × 100, (1)

%BCT520 � OD520

CI
( ) × 100, (2)

%RCT620 � OD620

CI
( ) × 100. (3)

Reducing sugar content was determined with DNS reagent
containing 1% DNS, 2% NaOH, and 20% sodium potassium
tartrate (w/v). Glucose solutions with 0.1, 0.2, 0.4, 0.6, and 0.8 g/
L concentrations were used as a substrate for the calibration curve
(Sengupta et al., 2000).

The total antioxidant capacity (TAC) measurement was
conducted using the DPPH free-radical method (Evrendilek et
al., 2021). The total phenolic substance content (TPSC) of the
samples was measured by the modified Folin–Ciocalteu method
at 720 nm (Evrendilek et al., 2021).

2.6 Enumeration of endogenous microflora

The counts of total mesophilic aerobic bacteria (TMAB) and
total mold and yeast (TMY) were determined by the surface
plating method. The samples were diluted with 0.1% (w/v)
peptone water, and the dilutions were plated onto PCA for
TMAB, PDA acidified with 10% (w/v) tartaric acid for TMY
count, NA for B. circulans, and YEA for C. tropicalis,
respectively. PCA and YEA plates were incubated at 35°C ±
2°C for 24–48 h, whereas PDA and NA plates were incubated at
22°C ± 2°C for 3–5 days, respectively. Results were expressed as
log cfu/mL.

2.7 Sensory analyses of licorice root
“sherbet”

A nine-point hedonic scale quantitative descriptive analysis
(QDA) with 20 trained panelists was used for the sensory

TABLE 1 Processing parameters of licorice root “sherbet” by PEF according to the Box–Behnken design.

Process code Applied
voltage (kV)

Treatment time (Trt,
min) X1

Temperature (T,
°C) X2

Electric field strength (EFS, kV/
cm) X3

Energy
(E, J)

PEF1 2.0 433.50 6 6.90 3.00

PEF2 7.0 108.40 18 24.10 37.80

PEF3 7.0 758.70 18 24.10 37.80

PEF4 4.5 758.70 6 15.50 14.90

PEF5 4.5 433.50 18 15.50 18.90

PEF6 7.0 433.50 30 24.10 39.90

PEF7 4.5 758.70 30 15.50 21.60

PEF8 4.5 108.40 30 15.50 21.60

PEF9 2.0 758.70 18 6.90 4.20

PEF10 2.0 433.50 30 6.90 5.40

PEF11 4.5 108.40 6 15.50 14.90

PEF12 7.0 433.50 6 24.10 35.70

PEF13 2.0 108.40 18 6.90 4.20
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analyses. The samples were evaluated in three phases of visual
evaluation, smell, and taste, for the sensory properties of
clarity–cloudiness, shininess–dullness, color intensity,
aroma–flavor, density, licorice taste, bitter taste, sour taste,
sweetness, and aftertaste (Evrendilek, 2022).

2.8 Shelf-life studies of licorice root
“sherbet”

Shelf-life studies of the LRS samples were conducted with
the optimum PEF-processing parameters derived from the
optimization studies. Approximately 650 mL of the samples
in amber-colored glass bottles were stored at both 4°C and 22°C
for up to 40 days shelf-life studies. The sampling was
performed on the 0, 15, 20, 25, 30, 35, and 40th day of
storage, with the measurement of pH, conductivity,
turbidity, L*, a*, b*, C*, ho, A420, A520, A620, CI, color tone,
TAC, TPSC, and sensory analyses in addition to the
enumeration of microbial growth of TMAB, TMY, B.
circulans, and C. tropicalis.

2.9 Statistical analyses

All measured responses (pH; conductivity; turbidity; TA;
color parameters; reducing sugar; TAC; TPSC; and
inactivation of TMAB, TMY, B. circulans, and C. tropicalis), in
addition to sensory analyses were evaluated for optimization
studies as a function of electric field strength (EFS, 7–24 kV/
cm), processing temperature (T, 6–30°C), and treatment time
(Trt, 108–756 µs) according to the Box–Behnken design (BBD)
(Table 1).

Comparison of the linear, quadratic, and cubic models to
select the best model for conductivity of licorice “sherbet” in
terms of electric field (X1:2.00–7.00 kV), T (X2:6–30°C), and Trt
(X3: 108.00–756.00 µs) was performed by Minitab 17.0 (Minitab,
Inc. State College, PA). Linear and non-linear regressions were
run, and the best model was chosen based on variance inflation
factor (VIF), coefficient of determination (R2), and lack-of-fit
values.

2.9.1 Modeling and verification
The factors and their levels were determined using

preliminary experiments. To validate the model, additional
experiments were carried out in triplicate under the optimal
conditions determined. Analysis of variance (ANOVA) and
regression models were performed at a 95% confidence
interval (p ≤ 0.05). The coefficient of variation (CV, %) value
was determined as follows:

CV � σ
�Χ 100, (4)

where σ is the sample SD, and �Χ is the sample mean.
Data were further analyzed by ANOVA at a 95% confidence

interval to determine the significant terms for each response
variable, along with the multiple comparisons conducted with
Tukey’s test.

3 Results and discussions

3.1 PEF-processing parameters

In order to increase treatment time, the samples pass through
the PEF system several times (cycles). Thus, the LRS samples pass
through the system in 1, 4, and 7 cycles, resulting in 108.40, 433.50,
and 758.70 µsec Trt. Application of electric field strength in the
range of 2.00, 4.00, and 7.00 kV yielded 6.90, 15.50, and 24.10 kV/cm
electric field strengths. PEF processing was applied at three different
treatment temperatures of 6, 18, and 30°C. The frequency of the
system was adjusted to 500 pps. The LRD samples passed through
the PEF system at a flow rate of 1 mL/min. With the application of
these processing parameters, applied energies were calculated as
3.00, 4.20, 5.40, 14.90, 18.90, 21.60, 37.80, and 39.90 J (Table 1).

3.2 Effect of applied pulsed electric field
processing on quality parameters of licorice
root “sherbet”

The pH value of the control samples (6.81 ± 0.14) ranged from
6.42 ± 0.05 to 6.89 ± 0.04 by the applied PEF treatments, with
significant changes observed by the PEF1, PEF3, PEF7, and
PEF9 treatments. The conductivity of the control samples
(441.72 ± 2.85 μS/cm) ranged from 417.88 ± 3.55 to 480.22 ±
2.90 μS/cm and significantly changed only by the
PEF12 treatment. Titratable acidity of the control samples
measured as 0.02 ± 0.00 g/100 mL was not significantly changed
by the applied treatments, whereas reducing sugar content of the
untreated control samples with the initial concentration of 0.33 ±
0.01 g/L only significantly changed by the PEF10 and
PEF11 treatments. The mean turbidity of the untreated samples,
measured as 16.97 ± 0.46 NTU, significantly changed by the PEF1,
PEF3, PEF5, PEF6, PEF9, PEF10, and PEF12 treatments. Both TAC
and TPSC of the control samples, measured as 16.48% ± 7.63% and
123.54 ± 7.32 mg GAE/mL, significantly increased by all PEF
treatments (p ≤ 0.05) (Table 2).

ANOVA results revealed that the pH of the samples was
significantly affected by the treatment time in the linear model
and square terms of EFS, Trt, and T, whereas the conductivity was
significantly affected by linear terms of EFS, Trt, and T and square
terms of Trt and T in addition to interactions of EFS*Trt and EFS*T.
Changes in titratable acidity were not affected by any linear or
square terms. The turbidity of the samples was significantly affected
by linear term of Trt and square term of T, while the interaction of
Trt*T was also significant. Both EFS and T as linear terms; EFS, Trt,
and T as square terms; and Trt*T interaction had a significant effect
on the changes of TAC. TPSC was significantly affected by linear
terms of Trt and T and square term of T only.

Color L*, a*, and b* values of the control LRD sample (54.73 ±
2.57, 4.61 ± 1.65, and 49.98 ± 1.61) were significantly changed by the
applied PEF treatments. While PEF7 caused a significant decrease in
L* value, PEF3, PEF4, PEF7, and PEF10 treatments caused a
significant increase in a* value. No significant change was
observed in the b* value of the LRS samples. Except for the
PEF9 samples, which had a significantly higher C* value than
that of the control (50.19 ± 1.55) LRS samples, the other PEF
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processes were not significantly different. Hue values of the control
and PEF-processed samples were very close to each other, but the
samples treated by the PEF3, PEF4, PEF7, PEF9, PEF10, and
PEF12 treatments were significantly different from the control
samples. Total color difference of the PEF-treated samples
fluctuated due to changes in L*, a*, and b* values. Although the
color intensity of the control samples (1.34 ± 0.06) was not
significantly changed by the PEF treatments, the color tone of
the control LRS samples (6.67 ± 0.20) was significantly reduced
by the PEF1, PEF3, PEF4, PEF7, PEF9, PEF10, and
PEF12 treatments (p ≤ 0.05) (Table 3).

According to the ANOVA results, the L* value of LRS samples
was significantly affected by linear terms of EFS and T, and there
were significant interactions between EFS*Trt and Trt*t, whereas the
a* value of the LRD samples was significantly affected by the linear
terms of EFS and T with the significant interaction between EFS and
Trt. The b* value was only significantly affected by the interaction
terms of EFS*EFS and Trt*Trt. Square terms of EFS and Trt and the
interaction between EFS and T had a significant effect onC*. Trt, as a
linear term, and EFS*T interaction were the only significant factors
that affected h. Both Trt and T, as single terms, and EFS*Trt and

Trt*T interactions had a significant effect on the ΔE of the LRS
samples. Changes in CI were significantly affected by all the linear
terms of EFS, Trt, and T, square terms of EFS, Trt, and T, and
interaction of EFS*T, whereas the color tone was significantly
affected by the linear term of Trt, square terms of Trt and T, and
interactions of EFS*T and Trt*T.

Both the yellow color tone (75.37% ± 2.31%) and red color tone
(11.35% ± 0.99%) of the control samples increased with applied PEF
processing, but only PEF2, PEF5, PEF6, PEF8, PEF11, and
PEF13 were significantly higher for the yellow color tone, while
all treatments except for PEF13 were significantly higher for the red
color tone. The blue color tone of the control samples (14.16 ± 6.27),
on the other hand, significantly decreased by the PEF treatments
(p ≤ 0.05). Changes in the yellow color tone were significantly
affected by both linear and square terms of Trt and T and
interactions of EFS*T and Trt*T; red color tone by linear terms
of Trt and T, square terms of Trt, T, and EFS, and interaction of Trt
and T; and blue color tone by linear term of Trt, square term of T,
and interaction of EFS*T and Trt*T (p ≤ 0.05).

Because of its bioactive compounds, licorice extract has been
used as an ingredient in some medicines and foods (Zhang and Ye,

TABLE 2 Changes in the physical and bioactive properties of licorice root “sherbet” by pulsed electric fields.

Process
code

pH Conductivity
(µS/cm)

Titratable
acidity (g/
100 mL)

Reducing
sugar (g/L)

Turbidity
(NTU)

Antioxidant
activity (%)

Total phenolic
substance content

(mg GAE/mL)

Untreated 6.81 ±
0.15abcd

441.72 ± 2.85bc 0.02 ± 0.01a 0.33 ± 0.00bcdef 16.97 ± 0.46de 16.48 ± 7.63d 123.54 ± 7.32b

PEF1 6.42 ±
0.05f

462.11 ± 0.78ab 0.02 ± 0.00a 0.37 ± 0.00ab 40.23 ± 1.53a 29.41 ± 4.76ab 142.42 ± 6.46a

PEF2 6.88 ±
0.0ab

417.88 ± 3.55c 0.02 ± 0.00a 0.31 ± 0.00ef 16.37 ± 0.57de 26.93 ± 5.77abc 145.23 ± 4.51a

PEF3 6.46 ±
0.09f

471.55 ± 6.75ab 0.02 ± 0.00a 0.32 ± 0.01cdef 38.75 ± 1.60a 23.90 ± 2.38bc 148.49 ± 3.65a

PEF4 6.71 ±
0.05de

475.00 ± 0.71ab 0.02 ± 0.0a 0.36 ± 0.02abc 20.87 ± 0.48cd 35.92 ± 5.01a 148.88 ± 2.73a

PEF5 6.89 ±
0.04a

447.40 ± 0.78abc 0.02 ± 0.00a 0.33 ± 0.01bcdef 23.46 ± 0.96c 22.95 ± 2.06bc 147.86 ± 3.25a

PEF6 6.72 ±
0.09de

457.66 ± 2.92ab 0.07 ± 0.0a 0.30 ± 0.00fg 38.32 ± 3.50a 22.76 ± 2.34bc 148.74 ± 5.48a

PEF7 6.62 ±
0.02e

471.33 ± 0.87ab 0.02 ± 0.00a 0.35 ± 0.00abcd 17.63 ± 0.45de 26.19 ± 3.01bc 149.40 ± 2.74a

PEF8 6.70 ±
0.02de

440.22 ± 0.44bc 0.02 ± 0.0a 0.34 ± 0.01abcde 15.56 ± 0.56e 30.26 ± 4.47ab 147.69 ± 3.28a

PEF9 6.46 ±
0.07f

444.33 ± 18.26bc 0.02 ± 0.00a 0.33 ± 0.00cdef 39.07 ± 2.46a 23.63 ± 0.21bc 150.12 ± 6.46a

PEF10 6.74 ±
0.02bcde

467.44 ± 0.53ab 0.02 ± 0.00a 0.32 ± 0.00g 23.61 ± 1.32c 23.07 ± 2.53bc 101.93 ± 4.77defgh

PEF11 6.74 ±
0.01cde

457.00 ± 4.03ab 0.02 ± 0.00a 0.27 ± 0.00a 20.48 ± 0.58cde 24.61 ± 1.99bc 80.18 ± 0.99h

PEF12 6.76 ±
0.07abcde

480.22 ± 2.9a 0.03 ± 0.0a 0.37 ± 0.01def 30.73 ± 1.09b 20.54 ± 3.62c 99.18 ± 3.57efgh

PEF13 6.86 ±
0.01abc

418.66 ± 1.00c 0.02 ± 0.00a 0.32 ± 0.0def 16.85 ± 0.35de 23.89 ± 0.39bc 110.43 ± 4.12cdefg

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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2009). Therefore, preservation of its physicochemical properties is
important to obtain benefits from its health-promoting effects
(Linton and Patterson, 2000). Studies on HHP of LRS reported
that HHP did not adversely affect most of the physiochemical and
bioactive properties of LRS (Aday et al., 2018; Evrendilek et al.,
2021). Changes in the physical and bioactive properties, in addition
to color values of LRS, have been affected by the magnitude of the
applied HHP-processing parameters (Evrendilek et al., 2021).

Processing of LRS by PEF (22.60 kV/cm EFS, 262.00 µsec Trt
and 33.70 J energy) and PEF processing with the addition of
essential oils [mixture of thymus (33%) and M. pulegium (67%)]
revealed that PEF treatment did not cause changes in the pH,
conductivity, turbidity, TAC, and TPSC of the samples, but PEF
combined with essential oil caused changes in these properties with
an increase in the measured properties (Demir et al., 2022). Thus,
the properties of LRS were more affected by the addition of essential
oils rather than by PEF treatment.

Heat [70 (H1), 80 (H2) and 90 (H3) °C for 3 min] and PEF [17
(PEF1), 23 (PEF2) and 30 kV/cm (PEF 3) EFS for 148 µs Trt] and the
combination of mild heat (40°C for 3 min) and PEF (23 kV/cm for
148 µs Trt) processing of LRS revealed that increased heat treatment

temperatures caused significant changes in the pH, conductivity,
total soluble solids, L* (80°C and 90°C heat treatments only), a*,
TPSC and TAC. PEF treatments and mild heat + PEF treatments did
not show any significant difference in the measured properties
(Uzuner and Evrendilek, 2017).

3.3 Effect of applied pulsed electric field
processing on inactivation of endogenous
microbial flora of licorice root “sherbet”

The mean initial number of TMAB, TMY, B. circulans, and C.
tropicalis, 5.17 ± 0.30, 5.17 ± 0.57, 4.88 ± 0.17, and 4.85 ±
0.18 significantly reduced by all PEF treatments. The lowest
counts of 2.69 ± 0.37 log cfu/mL by PEF7, 2.32 ± 0.39 log cfu/mL
by PEF5, 3.10 ± 0.47 log cfu/mL by PEF12 and 3.65 ± 0.03 log cfu/
mL by PEF6 revealing maximum of 2.48, 4.04, 1.78, and 1.20 log
reductions on the initial TMAB, TMY, B. circulans, and C. tropicalis,
respectively (Table 4). Reduction in the mean initial TMAB was
significantly affected by linear terms of EFS and Trt, square terms of
EFS and Trt, and interaction of Trt*T, whereas TMK by linear terms

TABLE 3 Changes in the color properties of licorice root drink by pulsed electric fields.

Process
code

La aa ba Chroma
(Ca)

Hue
(h°)

ΔE Color
intensity

Color
tone

Yellow
color tone

Red
color
tone

Blue
color
tone

Untreated 54.73 ±
2.57ab

4.61 ±
1.65ef

49.98 ±
1.61abc

50.19 ± 1.55c 1.47 ±
0.03ab

- 1.34 ± 0.06a 6.67 ±
0.20a

75.37 ± 2.31c 11.35 ±
0.99f

14.16 ±
6.27a

PEF1 50.25 ±
0.08bcd

6.84 ±
0.03bcde

50.45 ±
0.36abc

50.91 ±
0.36abc

1.43 ±
0.00bcdef

5.03 ±
0.08d

1.36 ± 0.02a 5.60 ±
0.28bc

79.69 ± 1.15bc 14.23 ±
0.53cde

6.07 ±
0.62c

PEF2 52.75 ±
0.38bc

5.13 ±
0.27cdef

50.18 ±
0.49abc

50.44 ± 0.51bc 1.46 ±
0.00abcd

2.10 ±
0.49e

1.32 ± 0.03a 6.07 ±
0.98ab

81.53 ± 2.1ab 13.70 ±
2.01d

4.75 ±
0.37cf

PEF3 52.41 ±
0.35bc

8.79 ±
0.14ab

49.92 ±
0.25bc

50.69 ±
0.27abc

1.39 ±
0.00fg

10.21 ±
0.38b

1.35 ± 0.03a 5.27 ±
0.13bc

79.06 ± 0.64bc 14.98 ±
0.29bc

5.95 ±
0.54cd

PEF4 49.84 ±
0.15bcd

7.27 ±
0.04abc

50.41 ±
0.10abc

50.93 ±
0.09abc

1.42 ±
0.00defg

5.57 ±
0.13d

1.33 ± 0.04a 5.48 ±
0.11bc

79.36 ± 0.42bc 14.48 ±
0.21cd

6.15 ±
0.22c

PEF5 50.32 ±
0.27bcd

6.69 ±
1.14bcde

51.41 ±
0.15ab

51.85 ±
0.15abc

1.44 ±
0.00bcde

5.14 ±
0.26d

1.34 ± 0.03a 5.94 ±
0.13ab

81.02 ± 0.30b 13.65 ±
0.21de

5.31 ±
0.09d

PEF6 58.68 ±
3.58a

4.39 ±
0.42ef

50.74 ±
0.24abc

50.89 ±
0.27abc

1.49 ±
0.02a

4.19 ±
1.67d

1.33 ± 0.02a 6.06 ±
0.13ab

81.27 ± 0.57b 13.41 ±
0.23de

5.30 ±
0.35de

PEF7 44.86 ±
0.07d

9.51 ±
0.05a

50.48 ±
0.18abc

51.37 ±
0.18abc

1.38 ±
0.00g

11.03 ±
0.09a

1.36 ± 0.04a 4.75 ±
0.05c

76.81 ± 0.26abc 16.13 ±
0.12a

7.04 ±
0.15bc

PEF8 52.27 ±
0.49bc

5.91 ±
0.11cdef

50.98 ±
0.19abc

51.32 ±
0.18abc

1.45 ±
0.00abcd

2.98 ±
0.57e

1.31 ± 0.01a 5.98 ±
0.08ab

80.90 ± 0.31b 13.53 ±
0.14de

5.56 ±
0.17d

PEF9 50.72 ±
5.02bcd

6.84 ±
1.79bcde

49.55 ±
0.52c

50.05 ± 0.28c 1.43 ±
0.04cdef

4.78 ±
1.18d

1.32 ± 0.03a 4.85 ±
0.06c

77.20 ± 0.25c 15.89 ±
0.14abc

6.90 ±
0.12bc

PEF10 47.39 ±
0.11cd

8.67 ±
0.03ab

51.42 ±
0.10a

52.14 ± 0.10a 1.40 ±
0.00efg

8.50 ±
0.09c

1.34 ± 0.03a 4.70 ±
0.26c

76.20 ± 1.26c 16.21 ±
0.57a

7.58 ±
0.69bc

PEF11 52.06 ±
0.03bc

5.98 ±
0.04cdef

50.83 ±
0.25abc

51.18 ±
0.25abc

1.45 ±
0.00abcd

3.12 ±
0.07e

1.33 ± 0.02a 6.30 ±
0.09d

82.01 ± 0.26b 13.00 ±
0.14e

4.97 ± 0.12f

PEF12 50.20 ±
0.08bcd

6.98 ±
0.03bcd

50.85 ±
0.10abc

51.33 ±
0.10abc

1.43 ±
0.00cdef

5.18 ±
0.06d

1.34 ± 0.03a 5.61 ±
0.04bc

79.74 ± 0.21bc 14.20 ±
0.06c

6.05 ±
0.15c

PEF13 53.17 ±
0.27abc

4.84 ±
0.15def

49.96 ±
0.32abc

50.19 ± 0.33c 1.47 ±
0.02abc

1.61 ±
0.26f

1.32 ± 0.05a 6.74 ±
0.03a

83.23 ± 0.09a 12.34 ±
0.02ef

4.41 ± 0.08f

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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of EFS and Trt, B. circulans by linear terms of EFS and T, and C.
tropicalis by linear terms of EFS and T, and square terms of EFS
and Trt.

Inactivation of endogenous and inoculated microflora of LRS by
HHP and PEF had very promising results in that inactivation of
endogenous LRS microflora processed by HHP revealed maximum
of 3.33 ± 0.16, 3.65 ± 0.01, 3.13 ± 0.04, and 3.08 ± 0.10 log
inactivations on the mean initial TMAB, TMY, B. circulans, and
C. tropicalis, respectively (Evrendilek et al., 2021). HHP processing
(450 MPa for 5 min) of acidified LRS with the combination of citric
and acetic acid provided ca. of 2.0 log reduction on the mean initial
TMAB and TMY counts, almost 2.5 log reduction on total coliform
count, closer to 5 log reductions on Escherichia coli O157:H7 count
(Aday et al., 2021). HHP processing of LRS with 250, 355, and
450 MPa pressure applications for 1 and 5 min yielded more than
6.0 log reduction on Escherichia coli and Salmonella typhimirium
inoculated into LRS and 2.7 log reduction on endogenous TMAB
microflora (Aday et al., 2018).

PEF treatments of LRS and essential oils [mixture of thymus
(33%) andM. pulegium (67%)] added LRS resulted in almost 2.0 log
reductions on both TMAB and TMY counts (Demir et al., 2022).

PEF (17, 23, and 30 kV/cm), heat (70, 80, and 90 C for 3 min),
and combination of mild heat (40°C for 3 min) and PEF (23 kV/cm)
processing of LRS revealed that PEF treatments were more effective
to reduce initial microbial counts of S. enteritidis, E. coli O157:H7,
TMAB, and TMY; the combination of mild heat + PEF was much
more effective than that of the PEF and heat treatments alone
providing ca. 7 log reductions on both TMAB and TMY and
more than 6 log reductions on both S. enteritidis and E. coli
O157:H7 (Uzuner and Evrendilek, 2017).

Acidified LRS samples (pH of 4.3–4.4) were pasteurized at 65°C
for 2 min and then thermosonicated (TS) at 40, 50, or 60 °C with
150 W and 37 kHz frequency for 10, 20, and 30 min.

Thermosonication of LRS at 60°C for 30 min revealed a ca of
7.0 log reduction on E. coli K-12 cultures inoculated into LRS
(Öztürk, 2019).

3.4 Effect of applied pulsed electric field
processing on sensory properties of licorice
root “sherbet”

Applied PEF-processing parameters did not cause a significant
difference in the sensory properties of the LRS. Clarity–cloudiness of
the samples was significantly affected by linear terms of Trt and T,
square terms of EFS and Trt, and interaction between EFS and T.
Shininess–dullness of the samples was significantly affected by the
EFS, Trt, and T as the linear terms; EFS, Trt, and T as the square
terms; and interactions of EFS*Trt, EFS*T, and Trt*T. The other
sensory properties were not affected by any process parameters and
their interactions.

Sensory properties of LRS are very important as it has a
yellowish-goldish color, shiny appearance, and very sweet taste
due to the compound called glycyrrhizic acid, up to 50 times as
sweet as sucrose formed by one molecule of glycyrrhetinic acid and
two molecules of glucuronic acid (Khalesi, 2015; You et al., 2023).
The presence of glycyrrhizic acid gives a very sweet, slightly
pungent taste characteristic of LRS. In addition, licorice roots
contain different compounds, such as flavanones, flavonoids,
and saponins, including glycyrrhizic acid, amines, sucrose,
glucose, amino acids, essential oils, starch, and gums
(Obolentseva et al., 1999; Gupta et al., 2008; Anilkumar et al.,
2012). High concentrations of flavanones and flavonoids may
cause blurring and undesirable appearance in LRS. Therefore, it
is also important to preserve the sensory properties of the LRS after
processing.

TABLE 4 Inactivation of endogenous microflora in licorice root “sherbet” samples.

Process code TMAB (log kob/mL) TMY (log kob/mL) B. circulans (log kob/mL) C. tropicalis (log kob/mL)

Untreated 5.17 ± 0.30a 6.36 ± 0.56a 4.88 ± 0.17a 4.85 ± 0.18a

PEF1 4.57 ± 0.29b 3.69 ± 0.85b 3.29 ± 0.02cd 4.34 ± 0.30b

PEF2 2.99 ± 0.86c 3.00 ± 0.31b 3.80 ± 0.13b 4.26 ± 0.06b

PEF3 2.78 ± 0.44c 2.71 ± 0.43bc 3.41 ± 0.06c 3.79 ± 0.44bc

PEF4 3.39 ± 0.79c 3.08 ± 0.46b 3.22 ± 0.20bc 4.23 ± 0.22b

PEF5 2.72 ± 0.96c 2.32 ± 0.39c 3.38 ± 0.54bc 3.77 ± 0.38bc

PEF6 2.86 ± 0.34c 2.94 ± 0.06bc 3.49 ± 0.13c 3.65 ± 0.03c

PEF7 2.69 ± 0.37c 2.81 ± 0.49bc 3.61 ± 0.47bc 3.85 ± 0.40bc

PEF8 3.02 ± 0.95bc 2.54 ± 0.06c 3.50 ± 0.29bc 4.15 ± 0.34b

PEF9 2.91 ± 0.66c 2.84 ± 0.67bc 4.04 ± 0.50b 4.35 ± 0.46b

PEF10 3.10 ± 0.55c 3.04 ± 0.62bc 3.68 ± 0.40bc 4.27 ± 0.43b

PEF11 3.41 ± 0.39c 3.40 ± 0.30b 4.19 ± 0.45b 4.26 ± 0.41b

PEF12 3.00 ± 0.08c 3.05 ± 0.71abc 3.10 ± 0.47defg 4.97 ± 0.47ab

PEF13 3.00 ± 0.48c 2.69 ± 0.59c 3.86 ± 0.15cdef 4.01 ± 0.29bc

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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Processing of LRS by HHP at 450 MPa for 5 min revealed no
significant difference between the control and HHP-treated samples
conducted with consumer acceptability test in terms of appearance
and flavor (Aday et al., 2018). Moreover, HHP treatment in the
range from 200 MPa for 3 min at 22°C to 500 MPa for 9 min at 40°C
did not cause any significant difference in selected sensory
properties according to the hedonic test (Evrendilek GA et al., 2021).

3.5 Modeling and optimization

Modeling studies were carried out with the consideration of R2,
VIF, and lack-of-fit (LOF) values because in order to select the best
regression model, R2 must be closer to 1, VIF must be 1, and LOF
value must be p > 0.05. Based on these three values (R2 = 0.78,
VIF <0.1, and LOF = 0.340) for conductivity, a quadratic regression
model was chosen (Table 5).

According to the ANOVA results, the insignificant terms were
excluded, and the model was re-written in terms of coded factors as
follows:

Y � 446.38 + 4.35X1 − 4.71X2 + 16.06X3 + 21.24X2
2 − 7.51X2

3

− 6.97X1X2 + 7.00X1X3, (5)

where Y is the predicted conductivity (µS/cm), andX1,X2, andX3 are
coded values for electric fields (kV), T (oC), and Trt (μs),
respectively. The predicted model was adequate, possessing no
significant lack-of-fit (p = 0.340 > 0.05) and very satisfactory R2

values (R2 = 0.78, R2
adj = 0.74 R2

pred=0.70).
A second-order polynomial equation was developed to identify

the 31 responses of licorice “sherbet,” such as pH; conductivity;
turbidity; total acidity value; reducing sugar content; L*; a*; b*; ΔE;
ho; C*; color tone; CI; percent color components of yellow, blue, and
red; TAC; TPSC; and inactivation on TMAB, B. circulans, and C.
tropicalis in addition to sensory properties. However, only one
response (conductivity) was modeled and optimized due to high
R2 and insignificant lack-of-fit values.

Table 6 represents the effect of process variables and interactions
on conductivity. EFS, T, and Trt showed significant main effects (p ≤
0.05) on conductivity. Both EFS and Trt positively affect
conductivity, whereas T has a negative effect on conductivity
(Table 6). The most important factor was the Trt, with the
highest coefficient (16.06), followed by T (4.71) and EFS (4.35)
(Table 6).

For a better understanding of the variables, the response surface
plots for conductivity are shown in Figure 1. The conductivity
increased with the increased Trt under the highest T at an
increasing rate (Figure 1A). The longest Trt maximized
conductivity at the highest T (Figure 1A). Conductivity increased
with the decreased EFS under the highest T at an increasing rate
(Figure 1B). The conductivity peaked with the EFS (7.00 kV) at the
longest Trt (756.00 µs) (Figure 1C). The interaction between the EFS
and Trt showed a negative correlation with the conductivity
(Figure 1C).

The optimum conditions for conductivity of licorice “sherbet”
predicted by the model were obtained as EFS of 6.90 kV/cm, T of
756.00 µs, and T of 7.48°C, which also estimate the conductivity of
457.92 μS/cm.

3.6 Shelf-life studies

Control and PEF-treated LRD samples stored at both 4°C and
22°C had different shelf-life extension periods. Control samples
stored at 22°C spoiled on the second day, while the control
samples at 4°C spoiled after the fifth day. PEF-treated samples,
on the other hand, stored at both 4°C and 22°C, had a shelf-life
period of 40 and 30 days, respectively.

The pH of the control samples at 4°C dropped to 5.71 ±
0.06 from 6.33 ± 0.12, while the pH of the PEF-treated samples

TABLE 5 Comparison of linear, quadratic, and cubic models for licorice “sherbet” by pulsed electric fields.

Response Model Equationa R2 VIF Lack-of-fit value

Conductivity Linear Y = −0.722 + 0.00068 X1
a X3-0.01469 X1

a X2 0.52 >1.0 0.00

Quadratic Y = 446.38 + 4.35 X1+16.06 X3-4.7
a X2-7.51 X3

2 + 21.24a X2
2 + 7.00a

X1
a X3-6.97

a X1
a X2

0.78 <1.0 0.34

Cubic Y = −0.295 + 0.0325 X1
2-0.005a X2

2 + 0.00054a X1
a X3-0.02106

a X1
a

X2+0.00022 X2
3

0.77 >10 0.77

aElectric field strength: X1, temperature: X2, time: X3.
bInsignificant lack-of-fit values (p > 0.05) are shown as bold.

TABLE 6 Revised ANOVA results and estimated regression coefficients for the
coded conductivity of licorice “sherbet” model.

Term Conductivity (µS/cm)

Coeff p-value VIF

Intercept 446.38 0.000 —

Linear

Electric field strength, X1 4.35 0.049 1.00

Temperature, X2 −4.71 0.033 1.00

Treatment time, X3 16.06 0.000 1.00

Square

X2
2 21.24 0.000 1.01

X3
2 −7.51 0.022 1.01

Interaction

X1*X2 −6.97 0.026 1.00

X1*X3 7.00 0.026 1.00

Lack-of-fit — 0.340 —

R2 0.78

R2
adj 0.74

R2
pred 0.70
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at 4 °C dropped to 5.01 ± 0.45 from 6.36 ± 0.00. Control samples at
22°C had a pH of 6.17 ± 0.04, and no further measurements were
carried out because of the spoilage of the samples. The pH of the
PEF-treated samples stored at 22°C, 6.13 ± 0.01, lowered to 4.20 ±
0.11 by the end of the 30 days of storage. Changes in pH were
affected by both the storage time and temperature. The pH of the
samples stored at 22°C lowered significantly faster than that of the
samples stored at 22°C (p ≤ 0.05) (Table 7).

Titratable acidity of the PEF-treated samples increased from
0.10 ± 0.00 to 0.20 ± 0.00 by the end of 30 and 40 days of storage time
for the samples stored at 22°C and 4°C. Titratable acidity of control
samples at 4°C increased to 0.17 ± 0.00 after the fifth day. Storage
time had a significant effect on titratable acidity (p ≤ 0.05). The
conductivity of the PEF-treated samples (526.92 ± 6.23 μS/cm at 4°C
and 586.33 ± 1.53 μS/cm at 22°C) increased by both storage time and
temperature to 594.42 ± 5.01 μS/cm and 596.58 ± 2.52 μS/cm,
respectively, while the conductivity of the control samples at 4°C
increased to 585.17 ± 0.76 μS/cm from 567.50 ± 0.25 μS/cm (p ≤
0.05) (Table 7).

Turbidity of all the samples (13.31 ± 0.22 NTU) on the first day
of shelf-life studies increased to 15.19 ± 0.12 NTU for the control
samples at 4°C after the fifth day, 47.99 ± 6.25 NTU for the PEF-
treated samples at 4°C after 40 days, and 123.23 ± 5.30 NTU for the
PEF-treated samples at 22°C after 30 days of storage (Table 7).
Turbidity of the PEF-treated samples at 22°C was significantly
higher than that of the PEF-treated samples at 4°C, and turbidity

of all the samples increased with the storage time (p ≤ 0.05)
(Table 7).

The antioxidant capacity of the PEF-treated samples at 4°C did
not significantly change with the storage time, but the samples at
22°C had a significant decrease after the 25th day of storage. TAC of
the samples at 22°C was significantly lower than that of the samples
at 4°C from the 25th day of storage (p ≤ 0.05) (Table 7). TPSC of the
PEF-treated samples (1,261.89 ± 15.00 mg GAE/L at 4°C and
1,124.67 ± 8.08 mg GAE/L at 22°C) decreased significantly after
the fifth day and continued to decrease until the end of the storage
time. PEF-treated samples at 4°C had a TPSC of 970.06 ± 22.01 mg
GAE/L after the 40th day, whereas the PEF-treated samples at 22°C
had a TPSC of 854.28 ± 38.67 mg GAE/L after the 30th day of
storage. The samples stored at 22°C had a significantly higher
decrease in TPSC than that of the samples stored at 4°C (p ≤
0.05) (Table 7).

Color L* and h° values and red color tone and blue color tone of
the PEF-treated samples at both 4°C and 22°C and control samples at
4°C showed a significant increase during shelf-life studies. Moreover,
the increase in the color properties for the PEF-treated samples at
22°C was significantly higher than that for the PEF-treated samples
at 4°C (p ≤ 0.05). In contrast, a* and b*, C*, YCT, OD420, OD520, CI,
color tone, and yellow color tone values showed a significant
decrease in all samples. The PEF-treated samples stored at 22°C
had a significantly higher decrease than the PEF-treated samples at
4°C for these properties (p ≤ 0.05) (Table 8).

FIGURE 1
Response surface plot for conductivity. (A) The effects of time and temperature. (B) The effects of electric field and temperature. (C) The effects of
electric field and time.
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TABLE 7 Changes in the physical and bioactive properties of licorice root “sherbet” processed by pulsed electric fields during shelf-life study.

Storage temperature

4°C 22°C

pH

Days Control PEF-treated Control PEF-treated

0 6.33 ± 0.12Aa 6.36 ± 0.00Aa 6.17 ± 0.04B 6.13 ± 0.01Ba

5 5.71 ± 0.06Bb 6.26 ± 0.12Ab 5.13 ± 0.10Cb

10 6.12 ± 0.01Ac 4.80 ± 0.01Bc

15 5.48 ± 0.07Ad 4.79 ± 0.05Bc

20 5.27 ± 0.03Af 4.65 ± 0.00Bd

25 5.43 ± 0.16Ae 4.36 ± 0.01Be

30 4.96 ± 0.02Ag 4.20 ± 0.11Bf

35 4.98 ± 0.01g

40 5.01 ± 0.45g

Titratable acidity (g/100 mL)

Days Control PEF-treated Control PEF-treated

0 0.10 ± 0.00Bb 0.10 ± 0.00Bb 0.10 ± 0.00A 0.10 ± 0.00Bb

5 0.17 ± 0.00Ba 0.10 ± 0.00Bb 0.11 ± 0.02Ab

10 0.10 ± 0.00Bb 0.17 ± 0.06Ab

15 0.20 ± 0.00Aa 0.20 ± 0.00Aa

20 0.20 ± 0.00Aa 0.20 ± 0.00Aa

25 0.20 ± 0.00Aa 0.20 ± 0.00Aa

30 0.20 ± 0.00Aa 0.20 ± 0.00Aa

35 0.20 ± 0.00a

40 0.20 ± 0.58a

Conductivity (µS/cm)

Days Control PEF-treated Control PEF-treated

0 567.50 ± 0.25Cb 526.92 ± 6.23Dc 571.25 ± 0.00B 586.33 ± 1.53Ab

5 585.17 ± 0.76Aa 576.75 ± 2.43Cb 588.00 ± 0.00Bb

10 578.50 ± 2.66Bb 596.67 ± 2.32Aa

15 588.42 ± 4.40Aa 592.65 ± 2.60Aa

20 573.42 ± 3.18Bb 590.35 ± 5.45Aa

25 574.50 ± 3.15Bb 592.67 ± 3.76Aa

30 586.92 ± 5.15Aa 596.58 ± 2.52Aa

35 588.25 ± 2.14a

40 594.42 ± 5.01a

Turbidity (NTU)

Days Control PEF-treated Control PEF-treated

0 13.31 ± 0.22Ab 13.31 ± 0.22Aı 13.31 ± 0.22A 13.31 ± 0.22Ag

5 15.19 ± 0.12Ca 17.70 ± 0.12Bh 76.29 ± 0.10Af

10 22.63 ± 0.28Bg 93.78 ± 2.97Ae

15 24.54 ± 0.67Bf 96.03 ± 2.90Ad

20 27.95 ± 0.22Be 105.07 ± 0.64Ac

(Continued on following page)
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The mean initial TMAB count of the control and the PEF-
treated samples at both 4 (3.51 ± 0.12 and 1.53 ± 0.23 log cfu/mL)
and 22°C (3.51 ± 0.12 log cfu/mL and 1.51 ± 0.19 log cfu/mL)
significantly increased to 4.27 ± 0.23 log cfu/mL after 5 days for
control samples at 4°C, 3.50 ± 0.15 log cfu/mL after 40 days for PEF-
treated samples at 4°C, and 3.81 ± 0.36 log cfu/mL after 30 days for
PEF-treated samples at 22°C, respectively. Samples at 22°C had a
significantly higher TMAB count than that of the counterparts at
4°C. The mean initial TMY count of the control and the PEF-treated
samples at both 4 (2.02 ± 0.04 log cfu/mL and 1.25 ± 0.34 log cfu/
mL) and 22°C (2.35 ± 0.229 log cfu/mL and 1.49 ± 0.30 log cfu/mL)
increased to 4.58 ± 0.24 log cfu/mL after 5 days for control
samples at 4°C, 4.17 ± 0.16 log cfu/mL, after 40 days for the
PEF-treated samples at 4°C, and 4.62 ± 0.38 log cfu/mL after
30 days for the PEF-treated samples at 22°C. All the microbial
growths at 22°C were faster, and thus, the number of
microorganisms at 22°C was significantly higher than that of the
counterparts at 4°C (Table 9).

Changes in sensory properties during shelf-life studies revealed
that the clarity of the control LRS samples at 4°C and PEF-treated
samples at 4°C and 22 °C decreased to 4.20 ± 0.00, 6.47 ± 0.23, and
4.33 ± 0.58 from 9.00 ± 0.00, 8.00 ± 0.00, and 8.20 ± 0.00,
respectively (p ≤ 0.05). Shininess of the control samples at 4°C
diminished to 5.00 ± 0.00 from 9.20 ± 0.00, whereas that of the PEF-
treated samples at 4°C and 22°C diminished to 6.40 ± 0.20 and 4.53 ±
0.12 from 8.40 ± 0.00 and 7.80 ± 0.00, respectively (p ≤ 0.05). Color
of the PEF-treated LRS samples at 4°C and 22°C was scored as 9.00 ±
0.00, and both reduced to 6.00 ± 0.00 after 40 and 30 days,
respectively. Color of the control samples at 4°C was initially
scored as 8.80 ± 0.00 and reduced to 6.00 ± 0.00 on the fifth day
(p ≤ 0.05). Aroma–flavor of all the samples (8.80 ± 0.00) reduced to
5.60 ± 0.00 after 5 days for control samples at 4°C, 6.13 ± 0.23 after
40 days for PEF-treated samples at 4°C, and 4.87 ± 0.12 after 30 days
for PEF-treated samples at 22°C, respectively. Density of the LRS
samples recorded as 9.00 ± 0.00 reduced to 5.00 ± 0.00, 4.87 ± 0.12,
and 5.00 ± 0.20 for the control and PEF-treated samples at 4°C after

TABLE 7 (Continued) Changes in the physical and bioactive properties of licorice root “sherbet” processed by pulsed electric fields during shelf-life study.

Storage temperature

4°C 22°C

25 32.36 ± 0.11Bd 113.94 ± 2.74Ab

30 41.36 ± 2.87Bc 123.23 ± 5.30Aa

35 45.09 ± 0.16b

40 47.99 ± 6.25a

Antioxidant capacity (%)

Days Control PEF-treated Control PEF-treated

0 5.66 ± 0.52Aa 5.69 ± 0.27Aa 4.02 ± 0.45A 5.48 ± 0.39Ab

5 4.84 ± 0.85Ab 5.64 ± 0.54Aa 5.53 ± 0.32Aa

10 5.37 ± 0.39Aa 5.47 ± 0.22Aa

15 5.31 ± 0.60Aa 5.35 ± 0.32Aa

20 5.25 ± 0.60Aa 5.55 ± 0.32Aa

25 5.32 ± 0.18Aa 4.51 ± 0.40Ab

30 5.30 ± 0.22Aa 4.33 ± 0.15Ab

35 5.40 ± 0.26a

40 5.66 ± 0.12a

Total phenolic substance content (mg GAE/L)

Days Control PEF-treated Control PEF-treated

0 1,029.78 ± 13.68Ca 1,261.89 ± 15.00Aa 1,001.89 ± 21.59C 1,124.67 ± 8.08Ba

5 997.00 ± 3.00Cb 1,156.33 ± 23.07Ab 1,063.61 ± 34.24Bb

10 1,122.67 ± 16.35Ab 1,060.67 ± 20.98Bb

15 1,115.50 ± 55.28Ab 1,034.11 ± 54.90Bb

20 1,095.56 ± 34.83Ae 1,033.78 ± 48.26Bb

25 1,072.39 ± 19.59Ac 980.50 ± 31.26Bc

30 1,042.67 ± 23.51Ac 854.28 ± 38.67Bd

35 970.33 ± 34.50d

40 970.06 ± 22.01d

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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TABLE 8 Changes in the color properties of licorice root “sherbet” processed by pulsed electric fields during shelf-life study.

Storage temperature

4°C 22°C

La

Days Control PEF-treated Control PEF-treated

0 52.27 ± 1.05Bb 50.37 ± 0.75Ced 56.53 ± 2.16A 50.59 ± 0.16Cc

5 67.61 ± 1.12Aa 53.93 ± 1.41Bc 65.45 ± 0.84Aa

10 53.38 ± 0.86Bc 65.27 ± 3.66Aa

15 54.60 ± 0.23Bbc 62.39 ± 0.23Ab

20 55.50 ± 0.38Bb 64.15 ± 2.67Aa

25 54.44 ± 1.20Bab 62.72 ± 2.14Aab

30 55.36 ± 0.43Bb 63.39 ± 1.16Aab

35 56.30 ± 0.45ab

40 57.63 ± 1.52ab

aa

Days Control PEF-treated Control PEF-treated

0 7.72 ± 0.17Aa 7.98 ± 0.34Aa 5.64 ± 0.99C 7.30 ± 0.02Ba

5 3.77 ± 0.62Cb 6.91 ± 1.30Aab 5.53 ± 0.40Bb

10 5.45 ± 0.27Ab 4.33 ± 0.13Bc

15 4.76 ± 0.07Ac 4.45 ± 0.47Ac

20 4.11 ± 0.72Ac 3.62 ± 0.25Bd

25 3.43 ± 0.11Ad 3.19 ± 0.08Bde

30 3.71 ± 0.55Ade 3.13 ± 0.37Bde

35 2.13 ± 0.189e

40 1.52 ± 0.45f

ba

Days Control PEF-treated Control PEF-treated

0 57.72 ± 1.48Aa 53.87 ± 0.06Ba 55.19 ± 0.11A 51.17 ± 0.17Ca

5 45.84 ± 0.28Bb 52.75 ± 0.23Ab 33.60 ± 0.37Cc

10 50.02 ± 0.23Ac 31.95 ± 1.07Be

15 44.55 ± 0.02Ad 34.66 ± 0.35Bb

20 42.26 ± 1.10Ae 30.71 ± 0.97Be

25 40.92 ± 0.81Ae 30.26 ± 0.09Bef

30 40.70 ± 0.13Ae 32.20 ± 0.20Bd

35 40.83 ± 0.94e

40 40.17 ± 1.34e

Ca

Days Control PEF-treated Control PEF-treated

0 58.23 ± 1.49Aa 54.45 ± 0.11Ba 55.49 ± 0.21B 51.69 ± 0.17Ca

5 45.84 ± 0.28Bb 52.92 ± 0.33Ab 33.66 ± 0.38Cc

10 50.32 ± 0.20Ac 31.98 ± 1.10Bcd

15 44.73 ± 0.03Ad 35.02 ± 0.35Bb

20 42.36 ± 1.15Ad 29.76 ± 1.12Be

25 40.71 ± 0.73Ae 30.34 ± 0.10Be

(Continued on following page)
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TABLE 8 (Continued) Changes in the color properties of licorice root “sherbet” processed by pulsed electric fields during shelf-life study.

Storage temperature

4°C 22°C

30 41.43 ± 1.14Ade 32.39 ± 0.24Bd

35 40.89 ± 0.98e

40 40.21 ± 1.37de

h°

Days Control PEF-treated Control PEF-treated

0 1.44 ± 0.00Bb 1.42 ± 0.01De 1.47 ± 0.02A 1.43 ± 0.00Cc

5 1.56 ± 0.00Aa 1.50 ± 0.03Cb 1.45 ± 0.01Bb

10 1.46 ± 0.01Bhd 1.45 ± 0.02Ab

15 1.48 ± 0.00Ac 1.47 ± 0.00Bb

20 1.51 ± 0.02Ab 1.47 ± 0.02Bab

25 1.55 ± 0.02Ab 1.49 ± 0.00Ba

30 1.57 ± 0.06Ab 1.50 ± 0.01Ba

35 1.59 ± 0.03a

40 1.61 ± 0.02a

Color intensity

Days Control PEF-treated Control PEF-treated

0 1.40 ± 0.01Ba 1.47 ± 0.02Aa 1.41 ± 0.01B 1.37 ± 0.01Ca

5 1.21 ± 0.01Bb 1.39 ± 0.01Ab 1.17 ± 0.06Cbc

10 1.29 ± 0.01Ac 1.17 ± 0.01Ab

15 1.18 ± 0.02Ad 1.11 ± 0.02Bc

20 1.14 ± 0.01Ae 1.08 ± 0.03Bc

25 1.11 ± 0.02Af 1.04 ± 0.03Bd

30 1.09 ± 0.01Ag 1.02 ± 0.03Ad

35 1.06 ± 0.01h

40 1.05 ± 0.03h

Color tone

Days Control PEF-treated Control PEF-treated

0 6.72 ± 0.12Aa 5.35 ± 0.20Ba 6.55 ± 0.05A 5.54 ± 0.09Ba

5 6.01 ± 0.01Ab 5.12 ± 0.07Bab 3.08 ± 0.03Cb

10 4.93 ± 0.08Ab 2.93 ± 0.17Bb

15 4.62 ± 0.30Ab 2.39 ± 0.49Bc

20 4.77 ± 0.28Ab 2.39 ± 0.43Bc

25 4.07 ± 0.38Ac 1.89 ± 0.35Bd

30 4.47 ± 0.16Ac 1.61 ± 0.06Bd

35 4.30 ± 0.10c

40 3.83 ± 0.55d

Yellow color tone (%)

Days Control PEF-treated Control PEF-treated

0 83.12 ± 0.35Aa 78.85 ± 0.80Ca 82.74 ± 0.15B 79.61 ± 0.31Ca

5 81.23 ± 0.04Ab 78.38 ± 0.32Ba 67.90 ± 0.30Cb

10 76.35 ± 1.86Aab 66.33 ± 1.72Bb

(Continued on following page)
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5 and 40 days and PEF-treated samples at 22°C after 30 days,
respectively. Licorice taste of all the samples, which was 8.60 ±
0.00 at the beginning of the shelf-life studies, dropped to 4.40 ± 0.00,
5.40 ± 0.20, and 4.47 ± 0.12 for control and PEF-treated samples
stored at 4°C on the fifth and 40th days and PEF-treated samples
stored at 22°C on the 30th day, respectively. Bitter taste of the
samples, scored as 2.10 ± 0.18 for all the samples, increased to 7.40 ±
0.00 for the control samples at 4°C after the fifth day, 6.53 ± 0.12 for
the PEF-treated samples at 4°C after the 40th day, and 8.00 ± 0.00 for
the PEF-treated samples at 22°C after the 30th day of storage. Sour
taste of the samples, 2.40 ± 0.00 at the beginning of the shelf-life
studies, increased to 8.80 ± 0.00, 4.80 ± 0.00, and 6.40 ± 0.40 for the
control samples at 4°C after the fifth day and PEF-treated samples at
4°C and 22°C after 40 and 30 days, respectively. Sweetness of the

samples at the beginning of the shelf-life studies was recorded as
9.00 ± 0.00 for all samples, but this value decreased to 3.87 ± 0.23 for
the control samples stored at 4°C after the fifth day and to 6.87 ±
0.12 and 7.60 ± 0.00 for the PEF-treated samples at 4°C and 22 °C
after 40 and 30 days of storage, respectively. Aftertaste of all the
samples, which was 8.84 ± 0.20, decreased to 4.80 ± 0.00, 5.73 ± 0.16,
and 4.07 ± 0.12 for the control samples at 4°C after the fifth day and
PEF-treated samples stored at 4°C and 22°C after 40 and 30 days of
storage, respectively.

LRS has a very short shelf-life, and efforts have been made to
extend its shelf-life without adversely affecting physical, bioactive,
and sensory properties. HHP processing of LRS at the optimum
operational conditions of 500 MPa pressure, 9.90 min, and 18.5°C
provided a 25-day shelf-life period. It was reported that a significant

TABLE 8 (Continued) Changes in the color properties of licorice root “sherbet” processed by pulsed electric fields during shelf-life study.

Storage temperature

4°C 22°C

15 75.53 ± 0.76Ab 61.43 ± 3.61Bc

20 74.75 ± 1.26Ab 61.56 ± 2.90Bc

25 70.91 ± 0.95Ac 51.51 ± 2.57Bd

30 66.64 ± 0.79Ad 52.12 ± 1.50Bd

35 63.33 ± 0.33e

40 62.06 ± 1.21e

Red color tone (%)

Days Control PEF-treated Control PEF-treated

0 12.37 ± 0.16Bb 14.76 ± 0.39Ac 12.62 ± 0.08B 14.38 ± 0.17Ad

5 13.52 ± 0.01Ba 13.33 ± 0.12Cd 22.07 ± 0.11Ac

10 13.64 ± 0.13Bd 22.68 ± 0.76Ac

15 15.57 ± 1.48Bbc 26.55 ± 3.93Ab

20 15.93 ± 0.82Bbc 26.41 ± 3.55Ab

25 17.78 ± 1.31Bab 27.89 ± 3.75Ab

30 16.97 ± 0.06Bb 32.30 ± 0.24Aa

35 17.47 ± 0.71ab

40 18.20 ± 1.03a

Blue color tone (%)

Days Control PEF-treated Control PEF-treated

0 4.52 ± 0.19Ab 6.39 ± 0.41Ad 4.64 ± 0.07A 6.010 ± 0.14Bd

5 5.25 ± 0.03Ba 5.09 ± 0.26Bf 10.03 ± 0.19Ac

10 5.51 ± 0.12Be 10.99 ± 0.96Ac

15 8.07 ± 0.01Bc 12.02 ± 0.32Ab

20 8.33 ± 0.25Bc 12.02 ± 0.65Ab

25 10.26 ± 0.01Bb 14.60 ± 1.19Aa

30 11.29 ± 0.88Ba 15.57 ± 1.26Aa

35 10.53 ± 0.31ab

40 11.83 ± 0.76a

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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decrease in pH, L*, a*, b*, and C* values and glabridin concentration
but a significant increase in turbidity and conductivity values,
TMAB, and TMY, and no significant change in titratable acidity,
h°, glycyrrhizin concentration, and sensory properties were observed
on HHP-processed LRS samples (Evrendilek et al., 2021).

PEF treatment of LRS samples by PEF (22.60 kV/cm EFS,
262.00 µsec) and PEF combined with the addition of essential
oils [mixture of thymus (33%) and M. pulegium (67%)] provided
6 weeks of shelf-life extension at 4°C. While there was a decrease in
the first week and then an increase during storage in turbidity of the
samples, a slight decrease in the pH was observed. The TAC of the
samples gradually decreased toward the end of the shelf-life period,
while the TPSC of the samples showed a significant decrease only in
the last week. A significant increase was observed in both TMAB and
TMY counts at the end of the shelf-life. No significant difference was
observed in the sensory properties of the samples, and even higher
scores were obtained from the PEF-treated samples than from the
control samples (Demir et al., 2022).

The increase in acidity during shelf-life studies was due to the
increase in microbial growth. Previous studies also reported an
increase in the pH of nutritious juices containing apple juice, honey,
and other ingredients; containing cayenne pepper, honey, and other

ingredients (cayenne juice),; and containing passion fruit juice,
honey, and other ingredients (passion juice) stored at 4, 10, or
22°C for 24 weeks (Mendes-Oliveira et al., 2022); some roselle fruit
juice blends stored at 28°C and 4°C (Mgaya-Kilima et al., 2014), and
roselle juice nectars stored at an ambient temperature for 120 days
(Kumar et al., 2012). PEF processing, on the other hand, had no
significant effect on the Brix values of all three nutritious juices right
after processing and during shelf-life studies at 4 to 10°C and 22°C for
24 weeks of storage time. Color L* and b* values showed a significant
increase in both treated and non-treated apple juice samples stored at
10°C and 22°C (Mendes-Oliveira et al., 2022). Significant changes in
color values (L*, a*, and b*) of apple juice samples before and after PEF
treatment was observed in the samples stored at 4, 22, and 37°C with a
storage time of <36 days (Evrendilek et al., 2000).

Two PEF treatments, 30 kV/cm for 217 µs and 34 kV/cm for
145 µs, achieved over 5 log reductions in S. typhimurium and
Escherichia coli O157:H7 in three nutritious juices, and no
recovery was observed during 24-week shelf-life studies at 4, 10,
or 22°C for both bacteria. PEF-treated juices had lower TMAB and
TMY counts than those of the control samples after treatment and
during shelf-life studies. Even though an increase was observed in
the counts of TMAB and TMY during shelf-life studies, this increase

TABLE 9 Changes in the total mesophilic aerobic bacteria and total mold and yeast counts of licorice root “sherbet” processed by pulsed electric fields during shelf-
life study.

Storage temperature

4°C 22°C

TMAB (log cfu/mL)

Days Control PEF-treated Control PEF-treated

0 3.51 ± 0.12Ba 1.53 ± 0.23Cd 3.51 ± 0.12Aa 1.51 ± 0.19Dg

5 4.27 ± 0.23Ab 2.38 ± 0.18Bc 2.32 ± 0.12Cf

10 2.32 ± 0.59Bc 2.83 ± 0.48Ad

15 2.36 ± 0.00Bc 2.59 ± 0.21Ae

20 2.21 ± 0.23Bc 3.24 ± 0.69Ab

25 2.95 ± 0.33Bb 3.11 ± 0.29Ac

30 3.12 ± 0.58Bab 3.81 ± 0.36Aa

35 3.47 ± 0.03a

40 3.50 ± 0.15a

TMY (log cfu/mL)

Days Control PEF-treated Control PEF-treated

0 2.02 ± 0.04Bb 1.25 ± 0.34Dd 2.35 ± 0.23A 1.49 ± 0.30Cd

5 4.58 ± 0.24Aa 1.35 ± 0.48Cd 1.84 ± 0.59Bcd

10 2.36 ± 0.36Bc 2.55 ± 0.13Ac

15 2.46 ± 0.41Bc 3.10 ± 0.78Ab

20 2.13 ± 0.39Bc 3.33 ± 0.00Ab

25 2.71 ± 0.50Bc 3.69 ± 0.27Ab

30 3.55 ± 0.12Bb 4.62 ± 0.38Aa

35 3.75 ± 0.25b

40 4.17 ± 0.16a

aData in the same column with different superscript letters are significantly different (p ≤ 0.05).
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was significantly lower in PEF-treated juices than in the control
samples (Mendes-Oliveira et al., 2022).

4 Conclusion

PEF treatment of LRS by different levels of electric field strength
(7.00, 15.50, and 24.10 kV/cm), treatment time (108, 432, and
756 µsec), and processing temperatures (6, 18, and 30°C)
according to the Box–Behnken design with determination of
optimum operational processing parameters of 6.90 kV/cm,
756.00 µs, and 7.48°C performed with applied energy ranging
from 4.20 to 35.70 J revealed that most of the physical, bioactive,
and sensory properties of LRS were not adversely affected by PEF
treatment. Moreover, PEF treatment enabled significant inactivation
of endogenous microflora of TMAB, TMY, B. circulans, and C.
tropicalis. LRS samples processed under the optimum processing
conditions were stored at 4°C and 22°C for shelf-life studies. While
control samples at 4°C and 22°C were spoiled on the fifth and second
days, PEF-treated samples stored at 22°C and 4 °C began to
deteriorate after the 30th and 40th days of storage.

This is the first study that reports the effect of PEF treatment of
LRS to determine shelf-life extension with measurement of changes
in the physicochemical, bioactive, and sensory properties in addition
to microbial inactivation. It is concluded that PEF treatment is
effective for shelf-life extension of LRS, but further studies need to be
conducted to determine changes in aroma-active compounds and
phenolic compounds.
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