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Abstract

This study aimed to extract bioactive compounds from goji berry (Lycium barbarum L.) fruit using the ohmic heating—
assisted extraction (OHAE) method and optimize the extraction conditions. In this context, firstly, the extraction conditions
to be applied for the OHAE method were determined using the response surface method (RSM)-Box Behnken experimental
design. During the study, temperature, holding time, and electrical field strength were determined as independent vari-
ables, while the total phenolic compound (TPC), total flavonoid compound (TFC), and antioxidant activity (DPPH) were
selected as dependent variables. As a result of the optimization, the optimum conditions were determined to be 60 °C for
the temperature, 60 min for the holding time, and 45 V/cm for the electrical field strength, and the composite desirability
value of the model was 0.90. The highest experimental results for TPC, TFC, and DPPH were found to be 23.83 mg GAE/g,
7.33 mg QE/g, and 24.53 mg TE/g, respectively. In addition, the polyphenolic profiles of all extracts obtained under different
process conditions were determined by LC-MS/MS, and rutin was the phenolic detected at the highest rate in the extracts.
In addition, the blueness and greenness of the analytical method used in this study were evaluated using the BAGI and
ComplexGAPI metrics, respectively. The results indicate that OHAE is an effective and sustainable method for extracting
bioactive compounds from goji berries.
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Introduction

The goji berry, scientifically known as Lycium barbarum
L., also called wolf berry, is a species of shrub that sheds
its leaves annually. This plant, which belongs to the Sola-
naceae family, is primarily grown in north-western China
(Wang et al. 2011). In recent years, goji berries have gained
recognition as superfoods owing to their nutritional profile
and bioactive compounds. Its popularity has been growing in

P4 Nesrin Ecem Bayram
ecem.nesrin@gmail.com; nesrinbayram @bayburt.edu.tr

Harun Kantar
harunkantar @hotmail.com

Department of Organic Agricultural Management, Institute
of Graduate Education, Bayburt University, Bayburt,
Tiirkiye

Department of Food Processing, Aydintepe Vocational
College, Bayburt University, Bayburt, Tiirkiye

@ Springer

countries outside Asia, particularly Turkey (Yao et al. 2018;
Agagunduz et al. 2021). Many nations now regard it as a
universally beneficial food owing to its significant health-
protective properties. Goji berries contain many bioactive
compounds, including 18 different amino acids, 21 different
mineral substances, flavonoids, proteins, polysaccharides,
and carotenoids (Gong et al. 2018). In addition, goji ber-
ries also contain high amounts of vitamins C and E (Karioti
et al. 2014; Bertoldi et al. 2019). It is also a good source of
various minerals (e.g., Cu, Fe, and P) and has a significant
omega-3 fatty acid content (Fattore et al. 2016; Bertoldi
et al. 2019). Research has shown that a 100-g portion of
fresh goji berries contains 9.12 g of carbohydrates, 4.49 g
of protein, 2.33 g of total lipids (fats), 0.23 mg of thiamine,
0.33 mg of riboflavin, and 1.7 mg of niacin (McGuire 1992;
Thaipong et al. 2006; Agagunduz et al. 2021). Goji berry
fruits have been reported to be used in the treatment of liver,
hypercholesterolaemia, diabetes, and heart diseases (Jing
et al. 2009). Owing to these bioactive/pharmacological prop-
erties, the cultivation area and production yield of goji berry
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fruit have increased significantly in recent years (Yu et al.
2023). Prior to market distribution, approximately 75-85%
of freshly harvested goji berries undergo dehydration. These
methods include freeze-drying (lyophilization), conventional
hot-air drying, and vacuum-pulse drying techniques (Batu
and Kadakal 2021; Ni et al. 2020; Yu et al. 2020, 2023). In
addition to dried fruits, goji berries are currently processed
into various products, including juice (comprising clear
juice, solid drinks, pulp juice, milk drinks, and lactic acid-
fermented beverages), wine, and other basic commodities.
These products have become the predominant category of
goji berry derivatives available commercially market (Wang
et al. 2021; Liu et al. 2020; Yu et al. 2023). Owing to its
biologically active secondary metabolites, this plant is also
marketed to consumers as a dietary supplement, aromatic
oil, and health-enhancing food product (Lasekan 2014).

Extraction enables the separation of specific compounds
from food products. Traditional extraction methods include
percolation, maceration, soxhlet extraction, and decoc-
tion extraction. Although traditional extraction methods
are simple, easy to use, and inexpensive, they involve long
extraction times, high solvent requirements, and extraction
of temperature-sensitive components (Sridhar et al. 2021).
Owing to these disadvantages, new-generation methods are
required.

New extraction techniques have been implemented to
overcome the limitations of the conventional approaches.
Ohmic heating, one of these methods, has recently become
widely used. Ohmic heating is an electroheating method that
utilizes electricity to generate heat within food. This tech-
nique works by sending an electric current through a food
item, which behaves as a resistor. Electrical energy is imme-
diately converted into thermal energy inside the food. Heat
production is proportional to the applied current and the
food’s electrical conductivity (Sastry 2008). Ohmic heating
is a rapid heating mechanism, and its speed varies depend-
ing on the resistance of the material to be processed and
the applied voltage gradient. Because the electric current
passes through the homogeneous solvent in this method, it
provides homogeneous heating of the materials. The suc-
cessful implementation of ohmic heating depends on two
crucial factors: the speed at which heat is generated, and
the food material’s overall electrical conductivity (Leizer-
son and Shimoni 2005). The application of a higher voltage
gradient results in increased heating rates, which conse-
quently shorten the overall heating time (Icier and Ilicali
2005). Ohmic heating technology is not only a heating sys-
tem, but also creates an electroporation effect that increases
extraction rates and decreases gelatinization temperature and
enthalpy thanks to the applied electric field. Electroporation
leads to increased membrane permeability through pore for-
mation in cell membranes and facilitates substance diffusion
(Knirsch et al. 2010a, b; Incedayi et al. 2019). This increased

permeability leads to leakage of cellular compounds, fur-
ther diffusion of materials and irreversible damage to the
cell (Cappato et al. 2017; Inceday et al. 2019). In addition,
product concentration also affects the efficiency and dura-
tion of ohmic heating. As the concentration increases, ionic
mobility decreases, which decreases electrical conductiv-
ity. However, high viscosity liquids are heated faster by the
ohmic method than low viscosity ones (Incedayi et al. 2019).
In this study, it was aimed to extract bioactive com-
pounds from goji berry fruit using ohmic heating—assisted
extraction (OHAE) method. The experimental design was
established by Box-Behnken method using different electric
field strengths, holding times, and temperatures, and then
the optimum conditions for maximum recovery of bioac-
tive compounds were optimized by response surface method
(RSM). Accordingly, the main objective of the study was to
optimize the OHAE conditions, to evaluate the efficiency of
the extracts obtained according to polyphenolic profile anal-
ysis by LC-MS/MS, and also to examine the sustainability
of the method with environmental assessment tools such as
BAGI and ComplexGAPI. In the study, antioxidant activity
(DPPH), total phenolic content (TPC), and total flavonoid
content (TFC) were evaluated as dependent variables.

Material and Method
Material and Chemicals

Dry fruit samples of red goji berry (Lycium barbarum L.)
were stored at +4 °C until analysis. Chemicals used in total
phenolic content, total flavonoid content, and antioxidant
activity analyses were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Solvents such as methanol, acetonitrile,
formic acid, and ammonium acetate used in LC-MS/MS
analysis were obtained from Isolab (Wertheim, Germany) or
Merck (Darmstadt, Germany). Solvents used in spectropho-
tometric analyses were ACS Reagent pure and solvents used
in chromatographic analyses were gradient pure.

Box-Behnken Experiment Design and Optimization
with Response Surface Methodology

The Box-Behnken experimental design was used to optimize
the operating parameters of the OHAE and to ensure maxi-
mum recovery of bioactive compounds. The order of the
experiments was randomized to minimize the impact of the
external variables. The Box-Behnken design was selected
for this research, as it offers meaningful and valuable data
through fewer experimental runs, without the need to test
every possible combination. The extraction parameters used
in this study, such as temperature, time, and electric field
strength, were determined based on studies on goji berry
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using different extraction techniques (Skenderidis et al.
2017; Tripodo et al. 2018; de Moura et al. 2018) and appli-
cations of OHAE in different natural products (Gavahian
and Chu 2022; Pereira et al. 2016; Kutlu et al. 2021a). The
dependent variables were TPC, TFC, and DPPH. A second-
order polynomial equation (Eq. 1) was used to fit the experi-
mental results. In this equation, Y is the dependent variable,
b, is the coefficient, and X; is the independent variable.

Y = by + b, X; + byX, + b3 X5 + by X, ? + bsX,?

1
+beXs® + b, X, X, + by X, X5 + boX, X5 %

Optimization was applied to the data recorded as a result
of the analyses performed on the extracts obtained in accord-
ance with the experimental design. During RSM optimiza-
tion, the TPC, TFC, and DPPH values were maximized to
determine the optimum conditions.

Ohmic Heating-Assisted Extraction

The ohmic heating system (CLOH-1000, CLS, Tiirkiye)
used in the extraction stage consisted of a glass heating cell
resistant to high temperatures, a power supply, a controller
connected to the power supply, and a computer to record
temperature/voltage/current data. The temperature of the
heating cell was controlled using a Teflon-coated thermo-
couple. The power supply was designed to provide a maxi-
mum voltage of 1000 V at a frequency of 50 Hz. Depending
on the experimental design, three different electrical field
strength (15, 30, and 45 V/cm), time (20, 40, and 60 min),
and temperature (40, 50, and 60 °C) were applied. Following
these procedures, the resulting extracts were stored at — 18
°C, shielded from oxygen and light exposure until analysis.
A 70% (w/w) ethanol-water mixture was used as the solvent.
The solid:solvent ratio was determined to be 1:15. Ethanol-
to-water ratio and solid:solvent ratio were determined based
on He et al. (2018) and Gamage and Choo (2023). The TPC,
TFC, and antioxidant properties of the extracted samples
were analyzed. In addition, the specific phenolic profile of
each extract was evaluated. In the control group, the extrac-
tion process was performed by maceration (24 h at room
temperature) with the same solvent (70% ethanol-water).

Analyses
Determination of Total Phenolic Content of Extracts

The method described by Magalhdes et al. (2010) was
employed to measure TPC in the extracted samples. Accord-
ingly, 50 puL of extract, 50 pL of Folin—Ciocalteu reagent
(1:5, v/v), and 100 pL of 0.35 M NaOH were added to the
microplate well and incubated for 3 min. The absorbance
of the extracts was measured at 760 nm wavelength using a
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Biotek Instruments Epoch Microplate Spectrophotometer.
Using a standard curve generated with gallic acid, the results
were determined and presented as mg GAE/g.

Determination of Total Flavonoid Content of Extracts

The total flavonoid content in the goji berry extracts was
determined using the methodology described by Kosti¢ et al.
(2021). The process involved combining 125 pL of the sam-
ple, 625 pL of dH,0, and 37.5 pL of 5% NaNO, solution in
a test tube, followed by vortexing. After a 6-min wait, 75 uL
of 10% AICl;-6H,0 solution was introduced, vortexed, and
incubated in the dark for 5 min. Subsequently, 250 uL of 1 M
NaOH and 138 pL of distilled water were added to the mix-
ture, which was vortexed and incubated for 20 min. A 200
pL aliquot of the final mixture was transferred to a micro-
plate, and its absorbance was measured at 510 nm using an
Epoch Microplate spectrophotometer (Biotek Instruments).
The results were calculated using a standard curve equation
with quercetin and were expressed as mg QE/g.

Determination of Antioxidant Activity of Extracts

The antioxidant activity of the extracts was evaluated using
the radical scavenging activity (DPPH; 1,1-diphenyl-2-pic-
rylhydrazyl) method, adapted from the approach outlined by
Bobo-Garcia et al. (2015). The procedure involved combin-
ing 50 pL of extract with 150 uL of DPPH (0.1 mM) solu-
tion in a microplate, followed by a 20-min dark incubation
period. The absorbance was measured at 517 nm using an
Epoch Microplate spectrophotometer (Biotek Instruments).
The total antioxidant capacity was derived from a Trolox
standard curve equation, with the results expressed as mg
TE/g.

Determination of Individual Polyphenolic Compound
Content of Extracts by LC-MS/MS

The polyphenolic profile of the extracts was analyzed
by LC-MS/MS according to the method described
by Gercek et al. (2024). To screen for phenolic com-
pounds in the extracts, 100 pL of extract and 900 pL of
water:methanol:formic acid (v:v:v, 80:19:1) solution were
mixed and centrifuged at 10,000 rpm for 10 min after vor-
texing for 2 min. The samples were then injected into the
LC-MS/MS system for quantitative analysis. LC-MS/MS
analyses were performed using the Thermo TSQ Quantis.
Data acquisition and processing were performed using
Chromeleon 7.1 (Thermo LC-MS software). The substances
were separated on a Thermo C18 HPLC column. LC param-
eters were set as autosampler temperature, 4 °C; column
temperature, 30 °C; flow rate, 0.2 mL/min; mobile phases,
acetonitrile:methanol (1:1, v:v) solutions containing 5 mM
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ammonium acetate (mobile phase A) and 1% acetic acid,
injection volume, 5 pL; and total analysis time, 28 min. MS
analyses were performed on tri-polar LC-MS Thermo TSQ
Quantis equipped with an electrospray ionization source. MS
parameters were set as spray voltage 3 kV in positive and
negative mode, sheath gas flow 54 arb, auxiliary gas flow 11
arb, sweep gas 1 arb, ion transfer tube temperature 275 °C,
and vaporizer temperature 400 °C.

Blueness and Greeness Assessment of Method

In this study, the environmental and practical sustainability
of the analytical method was assessed using the BAGI (Blue
Applicability Grade Index) tool developed by Manousi et al.
(2023) and the ComplexGAPI (Complementary Green Ana-
lytical Procedure Index) tool developed by Plotka-Wasylka
and Wojnowski (2021). The assessments were conducted on
online platforms where these tools are available. In addition,
the Complex GAPI, available at mostwiedzy. pl/complex-
gapi, was utilized to analyze the greenness profile of the
method.

Statistical Analyses

The response surface method (RSM) was applied to deter-
mine the optimum conditions for goji berry extraction. The
effect of extraction conditions on total phenolic compounds,
total flavonoid compounds, and antioxidant activity, and the
correlation and regression analyses between them were per-
formed using the Minitab 19 package programme at p < 0.05
confidence level.

Results and Discussion
Optimization of Extraction Parameters

In recent years, the food industry has recognized ohmic heat-
ing as one of the most promising methods for the extraction
of bioactive components. This technique involves heating
food by applying a direct electric current during the extrac-
tion process (Knirsch et al. 2010a, b). This method has
been considered an innovative alternative to the traditional
method in recent years due to its rapid and homogeneous
heating of foods, improvement of product quality (preserva-
tion of nutritional quality-color-texture), and applicability to
different foods (Astrain-Redin et al. 2024). Therefore, in this
study, OHAE conditions were optimized for the extraction
of bioactive compounds from the fruit of a plant with high
bioactive content, such as goji berry, and the total phenolic,
flavonoid, and antioxidant activity of the extracts were evalu-
ated. The Box-Behnken experimental design, consisting of
17 runs (including five center points), was used to conduct

OHAE procedures for the extraction of bioactive phyto-
chemicals from goji berry fruit. The effect of three inde-
pendent variables (X,: temperature of ohmic heating cell,
°C; X,: Holding time in the ohmic heating cell, minutes; and
X;: electrical field strength, V/cm) on extraction was evalu-
ated. The results for the dependent variables based on the
experimental design are presented in Table 1. Table 1 shows
that TPC (Y, mg GAE/g) values ranged between 17.924
and 23.826 mg GAE/g, TFC (Y,, mg QE/g) values ranged
between 6.180 and 7.329 mg QE/g, and DPPH (Y5, mg
TE/g) values ranged between 13.422 and 24.528 mg TE/g.

The full quadratic regression model, including linear,
quadratic, and two-factor interaction effects for the estima-
tion of the process and the obtained statistical parameters,
are presented in Table 2.

Research suggests that for a model to be considered a
good fit, the minimum R? value should exceed 80%, whereas
the adjusted (Adj) R? values should surpass 70% (Gan et al.
2007; Granato et al. 2010). In this investigation, the equa-
tions yielded R* values ranging from 91.09 to 93.78% and
Adj R? values between 76.84 and 83.83%, thus meeting these
criteria. Another crucial statistical factor is lack of fit, which
represents the error resulting from an unsuitable mathemati-
cal model. This value was not expected to be statistically sig-
nificant (Box and Draper 2007). An examination of Table 2
reveals that the regression model’s lack of fit value is statisti-
cally insignificant (p > 0.05).

Effect of Electrical Field Strength, Temperature,
and Time on Total Phenolic Content

When the impact of the different process conditions on TPC
was examined, it was found that the most significant inde-
pendent variable was temperature (Table 2). In addition, the
squares of all independent variables and the time X temperature
interaction were statistically significant (p < 0.05). A positive
correlation was found between TPC and temperature, and an
increase in temperature had a positive effect on the TPC yield.
The variation in TPC with temperature and time is shown in
Fig. 1. The maximum TPC was obtained at a high temperature
and average time. The highest TPC value was determined as
23.826 mg GAE/g at 60 °C, 40 min, and 15 V/cm (Table 1).
Although the OHAE method used in this study was not
used in the literature for goji berry fruit extraction, it has
been used for TPC extraction from different natural products
(Pereira et al. 2020; Kutlu et al. 2021a, 2021b; Gumustepe
et al. 2023). However, there are studies in the literature in
which the TPC was evaluated using different extraction
methods for goji berry fruit. For example, total phenolic
extraction was optimized using an ultrasonically assisted
method for goji berries grown in Greece. Based on these
results, the TPC of the extracts varied between 153.762 and
406.619 mg GAE/L (Skenderidis et al. 2017). Similarly,
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Table 1 Experimental values of

: : Run X * X, X, Y, Y, Y,
dependent variables obtained : -
according to Box-Behnken 1 50 40 30 17.924 6.180 18.606
experimental design 2 50 40 30 22.445 6.746 18.462
3 50 40 30 23.775 6.935 18.001
4 50 60 45 21.800 7.067 18.554
5 60 60 30 22.493 7.225 18.448
6 60 20 30 19.673 6.881 18.225
7 50 40 30 21.346 6.862 13.909
8 50 60 15 21.226 6.754 13.422
9 40 40 45 22.251 7.012 24.528
10 60 40 45 23.165 6.692 24212
11 40 20 30 19.705 7.126 24.501
12 40 60 30 19.630 6.865 24.357
13 50 40 30 21.973 6.866 24.357
14 40 40 15 20.319 6.496 24.449
15 60 40 15 23.826 7.329 24.225
16 50 20 15 22.641 6.692 24.449
17 50 20 45 22.828 7.126 24.199

*Xl, temperature of ohmic heating cell—°C; X,, holding time in the ohmic heating cell—min; X;, electrical
field strength—W/cm; Y;, TPC—mg GAE/g; Y,, TFC—mg QE/g; Y;, DPPH—mg TE/g

Table 2 Equations and statistical parameters obtained from regression analysis

Depend- Model equation R? Adj R?> Lack of fit

ent vari-

able

Y, Y, = —0.63* + 1.012X,* —0.156X, — 0.188X; — 0.01064X,%* —0.003325 X,2* +0.00681X,2* 92.93% 77.01% 0.419
+0.00786X,X,* —0.00432X,X;+ 0.00032X,X;

Y, Y,= 6.34% +0.0417X, — 0.083X, + 0.0642X,;* —0.00072X,%+ 0.00061X,%* —0.000828X,2* 93.78% 83.83% 0.417
+0.000756X,X,* —0.000101.X,X;

Y; V3= 144.9% —4.19X, — 0.330X,* +0.902X; + 0.0421X,%* +0.00004X,% + 0.01287X,%* 91.09% 76.84% 0.674

—0.00015X,X; + 0.00448X,X,

“The term is significant at p < 0.05; X,, temperature of ohmic heating cell—°C; X,, holding time in the ohmic heating cell—min; X, electrical
field strength—V/cm; Y|, TPC—mg GAE/g; Y,, TFC—mg QE/g; Y5, DPPH—mg TE/g

Tripodo et al. (2018) evaluated the TPC, extraction yield,
TFC, and antioxidant activity of goji berry fruits to optimize
the extraction conditions for the pressurized liquid extraction
method. Researchers reported that the TPC of goji berry
fruits was between the lowest 5.72 mg GAE/g and the high-
est 74.84 mg GAE/g according to the difference in extraction
conditions. In our study, we found that the TPC of goji berry
fruit varied between 17.924 and 23.826 mg GAE/g under
different OHAE process conditions. When the difference
between the results of these studies in the literature and our
study is evaluated, this may be related to many variables,
such as differences in extraction methods and parameters
and differences in botanical and geographical origins of
fruits. Consequently, to extract highly bioactive compounds
from goji berries, it is essential to determine the optimal

@ Springer

extraction conditions using various extraction techniques
and parameters.

In previous studies, different foods were extracted using
the OHAE method, and the advantages and disadvantages
of this method were determined by evaluating the TPC of
these foods (Pereira et al. 2020; Kutlu et al. 2021a). Pereira
et al. (2020) used the OHAE method in grape skin extrac-
tion and reported that the maximum total phenolic yield of
the extracts prepared was obtained in the extract prepared
by applying an ohmic heating pre-treatment at a tempera-
ture of 100 °C for 1 s. According to the results obtained
by these researchers, ohmic heating support is important
because it increases the yield and reduces energy consump-
tion. Similarly, Kutlu et al. (2021a) used ultrasonic-assisted
extraction and maceration methods in addition to OHAE for
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Fig. 1 Variation of TPC values 60
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the recovery of pharmacologically active compounds from
cranberry fruits. The researchers reported that a higher TPC
was recorded with the OHAE method than with the other
two methods. The results obtained from different studies
show that the OHAE method is promising for the extraction
of total phenolic compounds.

Effect of Electrical Field Strength, Temperature,
and Time on Total Flavonoid Content

Flavonoids, which belong to the class of phenolic com-
pounds or polyphenols, are the most abundant secondary
metabolites in plants. The amount of flavonoids in plants
varies according to the growth conditions of the plant, soil,
and climate. Interest in the recovery of this group of com-
pounds in food technology continues to grow because of
their benefits to human health (Dias et al. 2021). In this
study, when the effect of the OHAE process conditions on
the TFC was analyzed, it was found that the most effec-
tive independent variable was the electrical field strength
(Table 2). In addition, the squares of the time, electrical field
strength, and time X temperature interaction were also found
to be statistically significant (p < 0.05). There was a positive
correlation between the TFC and the electrical field strength,
and the increase in the electrical field strength increased the
TFC yield. Figure 2a presents the variation in TFC with

50 60
Temperature (°C)

temperature and time, and Fig. 2b presents the variation in
TFC with electrical field strength and temperature. In the
temperature X time interaction, it was observed that the TFC
yield was high in conditions where both were minimum or
maximum. The highest TFC value was obtained as 7.33
mg/g under conditions where the temperature was 60 °C,
the time was 40 min, and the electrical field strength was 15
V/cm, as in the TPC value (Table 1).

Similar to this study, the TFC of goji berries has been
evaluated in other studies. Islam et al. (2017) conducted a
comparative study on the total phenolic, carotenoid, and
anthocyanin contents and antioxidant capacity of extracts
obtained from red goji berry (Lycium barbarum) and black
goji berry (Lycium ruthenicum) fruits after 3 h of pre-treat-
ment in an orbital shaker and 12-h incubation. The research-
ers determined the TFC of red goji berries and black goji
berries as 2.17—4.48 mg GAE/g and 7.26-9.01 mg GAE/g,
respectively. Peixoto et al. (2023) conducted a study on the
optimization of extraction of bioactive substances from
red goji berries (Lycium barbarum) using ultrasonically
assisted and maceration methods. The researchers reported
that different extraction methods affected the extraction
of total flavonoids from goji berries, and the highest TFC
was obtained using the ultrasonically assisted extraction
method. The researchers found that under optimal ultra-
sound and maceration extraction conditions, the TFC was
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3.15 mg QE/g and 2.99 mg QE/g, respectively. Do et al.
(2024) extracted bioactive substances from goji berries dried
using two different methods using different solvents. The
researchers reported that the TFC of the prepared extracts
ranged from 13.3 to 31 mg OCE/g. However, in another
study by Ferreira-Santos et al. (2024), extraction of bioac-
tive substances from grape pomace was performed using
an OHAE method. The effects of different extraction con-
ditions (solid:solvent ratio, time, and temperature) on the
extraction of biosolids were evaluated. The researchers
reported that the TFC of the extract was higher at 80 °C,
50% ethanol:water, and an extraction time of 30 min. In
addition, they determined the TFC as 26.32 +1.4 mg CE/g
and 37.98 +2.3 mg CE/g for the extracts prepared using
the traditional method and OHAE method, respectively.
This clearly shows that a higher amount of flavonoids was
extracted using the OHAE method. In this study, the TFC of
goji berry extracts prepared using the OHAE method varied
between 6.180 and 7.329 mg QE/g. These results were lower
than those obtained by Do et al. (2024) and Ferreira-Santos
et al. (2024) but higher than those obtained by Peixoto et al.
(2023). However, similar to the TPC extraction yield, the
differences and similarities in these results indicate that the
variability of the bioactive content of the food product used
and also the extraction conditions significantly affect the
TFC.

Effect of Electrical Field Strength, Temperature,
and Time on Antioxidant Activity

Antioxidants, both in natural and in synthetic forms,
can scavenge free radicals and inhibit oxidation in the
human body (Ahmad and Langrish 2012). Therefore, it
is crucial to maximize the antioxidant contents of various
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natural products. The antioxidant potential of the extracts
was assessed using the DPPH method. According to the
results obtained, when the effect of different OHAE pro-
cess conditions on DPPH was examined, it was found that
the most effective independent variable was holding time
(Table 2). In addition, the squares of the temperature and
electrical field strength were also statistically significant (p <
0.05). A negative correlation was found between DPPH and
time, and an increase in time decreased the antioxidant activ-
ity. The variation in DPPH with electrical field strength and
time is shown in Fig. 3. DPPH reached its minimum value
with increasing time, as shown in Fig. 3. The highest DPPH
value was calculated as 24.43 mg TE/g at 40 °C, 40 min, and
45 V/cm electrical field strength (Table 1).

In different studies, the antioxidant activities of goji
berry extracts prepared by extraction methods other than the
OHAE method were determined (Skenderidis et al. 2017,
Peixoto et al. 2023; Do et al. 2024; Teixeira et al. 2024;
Ferreira-Santos et al. 2024). Ozkan et al. (2018) reported the
antioxidant activity of goji berry (Lycium barbarum L.) fruit
extracts prepared by maceration with water and methanol by
DPPH to be 90.36% and 70.83%, respectively. According
to their results, the antioxidant activity of the methanolic
extract was higher. This situation shows that, although the
same extraction method is used, the solvent type used at this
stage is a significant factor supporting the literature. Simi-
larly, Turan et al. (2023) extracted fresh and dried goji berry
samples using an ultrasonic-assisted method in a methanol
solution prepared at a ratio of 1:10. According to the results
obtained, the antioxidant potential of fresh goji berry sam-
ples measured by DPPH test was determined as 15.70 mg
TE/g, while the antioxidant activity of the samples dried by
different drying techniques was determined between 23.26
mg TE/g and 29.90 mg TE/g. Likewise, in our study, the
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Fig.3 Variation of DPPH val- 45
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DPPH activity of dried goji berry samples extracted under
different process conditions was determined to be in a simi-
lar range to that reported in the literature and was meas-
ured between 13.422 and 24.528 mg TE/g. However, Islam
et al. (2017) extracted dried red and black goji berry sam-
ples obtained from different locations using the traditional
method and acetone/water/acetic acid (70:29.5:0.5:0.5) solu-
tion, and the antioxidant potential of the extracts recorded by
DPPH was determined between 0.46 mg TE/g and 8.97 mg
TE/g. The results obtained by the researchers are lower than
the results obtained in this study, and this may be affected
by different factors, such as the geographical-botanical ori-
gin of the samples, extraction parameters, and the type of
solvent used in the extraction. Therefore, when compared
with the literature studies, it can be said that the OHAE
method presented in this study shows a remarkable success
in the recovery of compounds with antioxidant effect from
red goji berry fruit.

Optimum Conditions

Optimization of any process is important for achieving the
desired goals. In this study, the optimum conditions were
identified by maximizing the TPC, TFC, and DPPH val-
ues. As a result of the optimization by RSM, the optimum
conditions were determined to be 60 °C for the temperature

40 60
Time (min)

of the ohmic heating cell, 60 min for the holding time in
the ohmic heating cell, and 45 V/cm for the electrical field
strength. The composite desirability value (d) of the model
was found to be 0.90. The predicted TPC, TFC, and DPPH
values obtained under these conditions were 23.83 mg
GAE/g, 7.13 mg QE/g, and 22.65 mg TE/g, respectively.
The highest TPC, TFC, and DPPH values obtained experi-
mentally in our study were 23.83 mg GAE/g, 7.33 mg QE/g,
and 24.53 mg TE/g, respectively. When the predicted and
experimental values were compared, it was found that the
experimental values were within the predicted confidence
intervals; therefore, the values were similar. This finding
for the optimum temperature in our study is consistent with
literature reports showing that maximum polyphenol yields
in some extraction methods are obtained at temperatures
between 60 and 80 °C. Higher temperatures above 80 °C
are generally not preferred due to solvent losses. However,
in order to accurately assess the effect of temperature dur-
ing the extraction of polyphenols, factors such as solvent
type, pH, processing time, and source of plant material
need to be taken into account. Different polyphenols can
have different degradation temperatures and the extraction
temperature can directly affect the type of phenolic com-
pounds obtained. In addition, high temperatures can cause
phenolic-polysaccharide or phenolic-protein bonds in plant
tissues to break, which can increase the amount of phenolics
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that can be extracted. However, at very high temperatures,
thermal degradation of heat-sensitive phenolic compounds
may occur, leading to a decrease in total yield (Antony and
Farid 2022). In addition, it is also reported that the electrical
field applied during ohmic heating increases permeability by
electroporation of cell membranes, thereby increasing the
extraction rate (Kutlu et al. 2021a).

TPC, TFC, and DPPH values of the control group were
21.55 mg GAE/g, 6.87 mg QE/g, and 24.16 mg TE/g,
respectively. These values were found to be close to each
other when compared to the values obtained with the OHAE.
However, these values, which were obtained after 24 h of
maceration, were reached after 60 min of OHAE. Therefore,
a high time-saving was achieved with the OHAE.

Individual Phenolic Compound Profile

Phenolic compounds in plants have numerous pharmaco-
logical activities and thus have beneficial effects on human
health (Sun and Shahrajabian 2023). In this study, the indi-
vidual phenolic compound profiles of the extracts obtained
under different experimental conditions were also examined,
and the results are presented in Table 3. The total individual
phenolic content of the extracts varied between 236.294 and
333.429 mg/kg. However, the total individual polyphenolic
content of the control sample was 298.990 mg/kg. In sum-
mary, 15 out of 17 different process conditions resulted in
higher extraction of polyphenolic compounds compared to
the control. This indicates that the OHAE method is more
effective than maceration. Except artepillin C and catechol,
other polyphenolic compounds were extracted from goji ber-
ries at varying concentrations under different extraction con-
ditions. In particular, rutin was detected in goji berry fruit at
a considerably higher concentration (208.717-292.843 mg/
kg) than other phenolics. Similarly, de Moura et al. (2018)
screened individual phenolic compounds in goji berries. In
this study, the amounts of caffeic acid, catechin, coumaric
acid, ferulic acid, epicatechin, rutin, and myricetin were
determined, and rutin (326 mg/kg) was the most dominant
phenolic compound. This was followed by 151 mg/kg caf-
feic acid, 123 mg/kg coumaric acid, 69 mg/kg ferulic acid,
and 50 mg/kg catechin. However, epicatechin and myri-
cetin compounds were not detected in goji berry extracts.
In addition, Protti et al. (2017) investigated 23 individual
phenolic compounds in goji berry fruit and reported that
the most dominant phenolic compound was chlorogenic
acid (10,740 +8.3 and 11,931 +9.4 mg/kg). Significant
amounts of chlorogenic acid, epicatechin, quercetin, rutin,
catechin, caffeic acid, ferulic acid, coumaric acid, and zeax-
anthin compounds were detected in goji berry fruit. They
reported that the lowest amount of phenolic compounds
found in goji berry samples were quercitrin (10.8 +1.8-12.7
+1.0 mg/kg) and myricitin (10.1 +£0.9-13.9 + 1.6 mg/kg).

@ Springer

Teixeira et al. (2024) examined the amounts of individual
phenolic compounds in goji berries and found that the
most dominant compound in the phenolic acid group was
3,5-dicaffeoylquinic acid with 5.76 +0.29 mg/100 g and the
most dominant compound in the flavonoid group was rutin
with 192.7 mg/kg, similar to our study. In addition, Wojdyto
et al. (2018) conducted individual phenolic compound
and carotenoid screening of 21 different goji berry geno-
types. They found that the dominant phenolic compound
was quercetin dihexoside. The lowest amount of phenolic
compounds was found to be kaempferol 3-orutinoside. The
TPC was found to be in the range of 254.85-1926.52 mg/kg.
Rocchetti et al. (2018) determined the amounts of cyanidin,
ferulic acid, catechin, and luteolin in 22 different goji berry
genotypes using individual phenolic compound screening.
Among the phenolic acids, ferulic acid was the most domi-
nant phenolic. These compounds are followed by flavones
and flavonols, respectively. In goji berry samples, average
values of 6.45, 0.86, 0.22, and 0.11 mg/g were determined
for ferulic acid, catechin, cyanidin, and luteolin equivalents,
respectively. In our study, trans-ferulic acid was extracted at
the highest rate of 1.307 mg/kg and luteolin at the highest
rate of 54.048 mg/kg under different processing conditions.
The differences observed in our study and the literature can
be explained by the differences in processing procedures,
such as extraction method (maceration, microwave-assisted
extraction, ultrasonic-assisted extraction, etc.) and extrac-
tion parameters (temperature, time, etc.) used during sam-
ple preparation for analysis. In addition, factors such as the
geographical-botanical origin, harvest time, collection, and
storage conditions of these fruits can be said to affect these
differences.

Blueness and Greeness Assessment of Method

One of the main objectives of green analytical chemistry
is to minimize the harmful effects of analytical methods
on humans and the environment. In recent years, differ-
ent tools such as AGREE, AGREEprep, GAPI, Complex-
GAPI, NEMLI, the Analytical Eco-Scale, RGB 12 algorithm,
AMGS, and BAGI have been used to evaluate the environ-
mental performance of analytical methods used during
analyses, including sample preparation. In this study, the
BAGTI and ComplexGAPI tools were used to assess the envi-
ronmental impact of sample preparation, and the analyti-
cal method used to determine the chromatographic profile
of the samples. The BAGI tool was designed to assess the
practicality and blueness of the analytical method. This tool
evaluates the color shade in the resulting pictogram and the
method of scoring. The blue color in the pictogram indicates
conformity of the method with the specified criteria (dark
blue: high conformity; blue: medium conformity; light blue:
low conformity; and white: no conformity). In addition, the
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Fig.4 Blueness assessment by BAGI tool of the method

score in the center of the pictogram is scored between 25 and
100, with a score closer to 100 indicating very good perfor-
mance. A score above 60 is considered a cutoff score for the
method to be considered practical (Manousi et al. 2023).

Fig.5 Greeness assessment by
ComplexGABI of method

>
<

The score achieved in this study was 67.5 and, in general,
the method used can be considered practical according to the
results obtained (Fig. 4). Different studies in the literature
have evaluated the practicality of different methods using the
BAGI index. For example, the practicality of various micro-
extraction techniques used to analyze UV filters in water was
evaluated using BAGI, and the scores of six different meth-
ods were above 60, indicating that the methods were practi-
cal (Wejnerowska and Narloch 2024). Similarly, in a differ-
ent study, the practicality of a high-performance thin-layer
chromatography approach developed for the quantitative
analysis of three different anti-Helicobacter pylori drugs,
omeprazole, tinidazole, and clarithromycin, was evaluated
with BAGI and a very high score of 80 was obtained for the
method (Mahmoud and Abbas 2024). Again, in different
studies, the practicality of different methods was evaluated
using the BAGI tool, thus drawing attention to the sustaina-
bility profile of the methods used (Abd-AlGhafar et al. 2024;
Halim et al. 2024; Katamesh et al. 2024).

Another assessment tool, ComplexGAPI, evaluates
all aspects of an analytical procedure, from sample col-
lection-transportation-protection-storage-preparation
to final analysis. According to the criteria defined on the
tool, a final pictogram is created and colored green, yel-
low, or red depending on the environmental impact of the
criteria (Plotka-Wasylka and Wojnowski 2021). For the

@ Springer



1896

Food Analytical Methods (2025) 18:1884-1898

chromatographic method used in this study, all stages,
from sample collection to analysis, were evaluated using
the relevant tool, and the resulting pictogram is presented
in Fig. 5. This method is a comprehensive method used to
evaluate the greenness of the methods used in the studies.
The result of this method is a pictogram, just like the BAGI.
This inclusive green analytical procedure index allows to
assess the green character not only of the sample prepara-
tion and final analysis stages (top five large areas) but also
of the pre-analytical stages (bottom hexagon). The middle
figure is the E-factor value, the total mass of waste from
process to total mass of product. The green color in the pic-
togram indicates that the respective stage has a low impact
on the environment, yellow a medium impact, and red a high
impact (Plotka-Wasylka and Wojnowski 2021). The E-factor
value of the pictogram obtained in this study shows that the
method is sustainable in terms of efficiency.

Conclusion

In recent years, the need for the research and development
of different functional foods has increased because of their
effects on nutrition and health. Goji berries are among the
functional foods that have become popular worldwide due
to their protective/therapeutic effects on health. Accordingly,
with increasing technological applications, various forms of
this plant are being used raw or as extracts in different food
products. However, especially during the extraction of food
products, sustainable and environmentally friendly extraction
methods that are alternatives to traditional methods are being
researched and used at this stage. In recent years, the main pur-
pose of preferring innovative methods in the extraction phase
has been to ensure the extraction of the bioactive content of
the product with maximum efficiency during the extraction
phase, as well as the benefits of these methods in terms of
different parameters such as low solvent consumption, time
efficiency, and energy saving. Therefore, in this study, goji ber-
ries were extracted for the first time using the OHAE method
and the extraction conditions were optimized using the RSM-
Box Behnken experimental design. According to the obtained
results, the optimum conditions were determined to be 60 °C
for the ohmic heating cell temperature, 60 min for the holding
time in the ohmic heating cell, and 45 V/cm for the electri-
cal field strength. When the predicted TPC, TFC, and DPPH
values obtained under these optimum conditions and the high-
est TPC, TFC, and DPPH values obtained experimentally in
our study were compared, we found that the experimental
values were within the predicted confidence interval; there-
fore, the values were similar to each other. In conclusion, this
method can be considered a preferable method for the prepara-
tion of goji berry fruit extracts due to its advantages such as
time and energy saving and remarkable recovery of bioactive

@ Springer

compounds. In addition, it is promising for scale-up in food
processing due to rapid and homogeneous heating. However,
pilot-scale applications are needed to fully demonstrate the
applicability of this method on an industrial scale during the
gojiberry extract preparation process. In addition, it is impor-
tant to evaluate this method in comparison with other extrac-
tion techniques in order to clarify its advantages or limitations
in terms of cost, time, and energy efficiency. Therefore, pilot-
scale studies for gojiberry as well as further studies examining
the applicability of this method in the processing of different
functional foods are recommended.
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