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Abstract: The current investigation examines the application of pulsed electric fields (PEFs) for
isolating polyphenols from Cannabis sativa var. Futura 75 leaves. Firstly, the solvent composition,
which included ethanol, water, and various mixtures of the two, was explored, along with the liquid-
to-solid ratio. Subsequently, the primary parameters associated with PEFs (namely, pulse duration,
pulse period, electric field intensity, and treatment duration) were optimized. The extracted samples
were analyzed to determine their total polyphenol content (TPC), and individual polyphenols were
also evaluated through high-performance liquid chromatography. In addition, the antioxidant activity
of the extracts was assessed through ferric-reducing antioxidant power (FRAP) and DPPH assays.
The extracts prepared utilizing PEFs were compared to the extracts obtained without PEFs in terms
of their TPC, FRAP values, and DPPH activity. The results indicate that the most effective extraction
parameters were a pulse duration of 10 µs, a pulse period of 1000 µs, and an electric field strength
of 0.9 kV/cm after 25 min of extraction. The most efficient solvent was determined to be a 50%
(v/v) mixture of ethanol and water in a 20:1 liquid-to-solid ratio. The extract obtained under the
optimal conditions exhibited a ~75% increase in TPC compared to the extract obtained without
any application of PEFs, while some individual polyphenols exhibited an increase of up to ~300%.
Furthermore, significant increases of ~74% and ~71% were observed in FRAP and DPPH assays. From
the information provided, it was observed that the tested variables had an impact on the recovery of
polyphenols from C. sativa leaves.

Keywords: hemp; ursolic acid; high-performance liquid chromatography; response surface methodology;
principal component analysis; multivariate correlation analysis

1. Introduction

Up to now, continuous efforts have been made to develop new, advanced processes to
overcome the drawbacks of existing techniques for extracting bioactive compounds from
plants, as there is increasing interest in this field. Thus, one such new technique is the use
of pulsed electric fields (PEFs) [1]. PEF treatment, as a green, non-thermal technique used
for food preservation, which is based on the principle of applying short bursts of electricity
to inactivate microorganisms, minimizes the negative impact on food quality [2]. The most
common conditions of usage are short-duration pulses between 100 ns and 1 ms with a
voltage between 1 kV and 3 kV [3]. Besides being used to enhance extraction processes [1],
PEF treatment has recently gained popularity for diffusion, osmosis, pressing, and drying
of food waste and by-products [4]. Another advantage is that it reduces the negative
effects of conventional heating methods [2,5] and can electrify cell membranes. Therefore,
it is used as a pretreatment to enhance the recovery of bioactive compounds such as
polyphenols, carotenoids, and proteins [6,7]. In addition, water extraction procedures using
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PEFs showed lower temperatures, lower solvent consumption, and improved extraction
rates of components [5]. Thus, it is considered an extraction technique that increase
efficiency while reducing energy costs and preserving heat-sensitive substances [8–10].

Various sectors of the food industry are making use of PEFs [11]. This is due to the
greater environmental sustainability and eco-efficiency attributed to the reduced overall
energy consumption and lower energy requirements per unit of processed products [12].
Industrial PEF systems differ from research PEF systems, with the industrial systems
exhibiting higher power/capacity and enhanced monitoring and control systems [13]. PEFs
are being used for the pasteurization of food products, inactivation of bacterial spores, and
enhancement of extraction. It is noteworthy that the use of PEFs can increase the yield of
juice production by up to 32% [5]. This outcome is particularly significant, as it reflects a
measurable enhancement directly associated with the adoption of PEF technology. The
scope of PEF applications extends beyond fresh fruits and vegetables, encompassing the
treatment of biomass waste generated in the agricultural and food sectors. PEF treatment of
such waste holds promise for yielding valuable products, thereby contributing positively to
waste utilization and resource recovery [5]. In addition to the above, PEF treatment has also
been used to isolate bioactive compounds from medicinal plants. Representative examples
are barberry [14], Melissa officialis leaves, Cistus incanus and Cistus creticus leaves [15],
Sideritis sardica and Crocus sativus [3], Nepeta binaludensis [16], and Vinca rosea root [17].
Although the benefits of PEF treatment as well as the global interest among researchers
in this method have increased in the last decade [18,19], cases were reported, such as that
of Thymus serpyllum, where the use of PEFs did not increase the total polyphenol content
(TPC) [7]. Therefore, its benefits should not be taken for granted and further exploited in
specific cases.

Cannabis sativa L., known since ancient times, mainly in Central Asia (India and China),
as an annual herbaceous plant, is also known as Indian hemp [20]. Human uses of C. sativa
date back thousands of years and vary according to time and place. It has been used
as a source of fiber, food, oil, and medicine [21], and also for religious and recreational
purposes [20,22]. Its therapeutic action is attributed to the chemically active compounds
it contains, such as cannabinoids, terpenoids, flavonoids, and alkaloids [23]. Cannabi-
noids, which are its most active compounds, belong to a family of more than 100 related
terpenophenolic compounds with a wide range of biological activities [24] and accumulate
mainly in the hair cavity of female flowers [21]. The main biologically active cannabinoids
are ∆9-tetrahydrocannabinol, commonly referred to as ∆9-THC, known for its psychoac-
tive properties [25], and the non-psychoactive cannabidiol (CBD) [26], characteristic of
fiber-type cannabis. However, hemp plants also contain other considerable polyphenolic
compounds, such as gallic acid, catechin [27], caffeic acid, coumaric acid, ferulic acid,
luteolin-7-O-glucoside, apigenin, kaempferol-3-O-glucoside, apigenin-7-glucoside, myric-
itrin, rutin, chlorogenic acid, and quercetin-3-glucoside [28]. All these polyphenols give
hemp significant antioxidant capacity [29], more specifically resulting in a range of 1.72 to
12.40 µmol Trolox equivalents (TE)/g dw of hemp sample when measured with the DPPH•

(2,2-diphenyl-1-picrylhydrazyl) assay. When the FRAP (ferric-reducing antioxidant power)
assay was employed on C. sativa species, it resulted in an antioxidant capacity that ranged
from 0.262 to 0.533 mg/mL [30]. Other researchers [31] determined the antioxidant capacity
with both assays on hemp seed oil, and the reported values were 146.76 mmol of TE/100 g
oil for the DPPH assay and 3690.6µmol of TE/100 g oil for the FRAP assay.

PEF treatment is an environmentally friendly, rapid, and highly effective extraction
method. The leaves of C. sativa could be a viable source of bioactive compounds, with
a focus on their possible applications in the food and pharmaceutical industries. Hence,
the objective of this study is to enhance the efficiency of recovering bioactive compounds
from C. sativa leaves through PEF treatment. Response surface methodology (RSM) was
employed to assess the suitable solvent and liquid-to-solid ratio and to optimize the
parameters of PEF extraction. The efficiency of the extraction was determined by measuring
the total polyphenol yield through the Folin–Ciocalteu method, while the antioxidant
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capacity of the extracts was assessed through ferric-reducing antioxidant power (FRAP)
assay and DPPH radical scavenging activity assay.

2. Materials and Methods
2.1. Chemicals, Materials, and Reagents

Ethanol, gallic acid, and the Folin–Ciocalteu reagent were bought from Panreac Co.
(Barcelona, Spain). Hydrochloric acid, methanol, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), and all chemical standards for the HPLC determina-
tion of polyphenols were obtained from Sigma-Aldrich (Darmstadt, Germany). Anhydrous
sodium carbonate was purchased from Penta (Prague, Czech Republic). Iron (III) chloride
was purchased from Merck (Darmstadt, Germany). Deionized water was used throughout
all experiments.

2.2. Hemp Leaf Material

For all experiments, hemp (Cannabis sativa var. Futura 75) leaves (without flowering
and fruiting tops) were donated by CBD Extraction I.K.E. (Farsala, Greece), gathered from
the Farsala region (at 39◦18′22′′ N and 22◦22′11′′ E, based on Google Earth version 9.185.0.0).
Leaves were rinsed extensively with distilled water and dried with paper towels. The leaf
sample underwent lyophilization through a Biobase BK-FD10P freeze-dryer (Jinan, China).
The moisture content of the fresh leaves was measured to be 79.12 ± 1.26%. The dried
C. sativa leaves were then ground to a fine powder (<400 µm diameter) using a blender.
Finally, until further analysis, the powder was preserved at −40 ◦C.

2.3. Extraction Procedure

The PEF processing of the samples was carried out using two custom stainless steel
chambers (Val-Electronic, Athens, Greece), a mode/arbitrary waveform generator (UPG100,
ELV Elektronik AG, Leer, Germany), a digital oscilloscope (Rigol DS1052E, Beaverton, OR,
USA), and a high-voltage power generator (Leybold, LD Didactic GmbH, Huerth, Ger-
many). Initially, the optimal liquid-to-solid ratio and solvent concentration were explored.
To assess this, hemp powder was weighed (Kern PLS 3100-2F, Kern & Sohn GmbH, Balin-
gen, Germany) and mixed with 20 mL of aqueous ethanol in ratios shown in Table 1. After
the extraction through PEF treatment was completed, samples were centrifuged for 10 min
at 10,000× g in a NEYA 16R centrifuge (Remi Elektrotechnik Ltd., Palghar, India). Finally,
supernatants were collected and stored at −40 ◦C.

Table 1. Actual and coded values of the independent variables that were used to optimize the
extraction process using the screening design.

Independent
Variables Code Units

Coded Variable Level

1 2 3 4 5

Solvent concentration
(C %, v/v) X1 0 25 50 75 100

Liquid-to-solid ratio
(R, mL/g) X2 10 20 30 40 50

2.4. Optimization with Response Surface Methodology (RSM) and Experimental Design

The RSM technique was employed to achieve optimal efficiency in extracting bioactive
compounds and evaluating antioxidant activity from C. sativa extracts. Therefore, the goal of
the design was to effectively maximize the levels of these values. This was accomplished by
optimizing the liquid-to-solid ratio (R, mL/g), solvent concentration (C %, v/v), extraction
time (t, min), and PEF conditions. The optimization process was based on an experiment
that utilized a Box–Behnken design with a main impact screening arrangement. The
experiment consisted of 27 design points, including 3 center points. According to the
experimental design, three levels of process variables were created. The overall model
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significance, as shown by the R2 and p-values, and the significance of the model coefficients,
as represented by the equations, were assessed by employing analysis of variance (ANOVA)
and summary-of-fit tests, with a minimum level of 95% confidence.

In addition, the response variable was predicted as a function of the examined inde-
pendent factors using a second-order polynomial model, as illustrated in Equation (1):

Yk = β0 +
2

∑
i=1

βiXi +
2

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj (1)

The predicted response variable is denoted as Yk, while the independent variables are
Xi and Xj. The intercept and regression coefficients for the linear, quadratic, and interaction
terms of the model are denoted as β0, βi, βii, and βij, respectively.

To determine the greatest peak area and assess the effect of a substantial independent
variable on the response, RSM was applied. The development of three-dimensional surface
response graphs was initiated to represent the model equation visually.

2.5. Total Polyphenol Content (TPC)

A previously established methodology [32] was applied to determine TPC. Briefly,
0.10 mL of the extract was combined with 0.10 mL of Folin–Ciocalteu reagent, and after
2 min, 0.80 mL of 5% w/v aqueous sodium carbonate solution was added. The mixture was
incubated at 40 ◦C for 20 min and the absorbance was recorded at 740 nm in a Shimadzu UV-
1700 PharmaSpec Spectrophotometer (Kyoto, Japan). The total polyphenol concentration
(CTP) was calculated from a gallic acid calibration curve. Total polyphenol yield (YTP)
was determined as mg gallic acid equivalents (GAE) per g of dry weight (dw), using the
following Equation (2):

TPC (mgGAE/g dw) =
CTP × V

w
(2)

where the volume of the extraction medium is indicated with V (expressed in L) and the
dry weight of the sample as w (expressed in g).

2.6. Ferric-Reducing Antioxidant Power (FRAP) Assay

An established technique by Shehata et al. [33] was used for the evaluation of FRAP.
A total of 0.05 mL of properly diluted sample was mixed with 0.05 mL of FeCl3 solution
(4 mM in 0.05 M HCl). The mixture was incubated for 30 min at 37 ◦C, with 0.9 mL of TPTZ
solution (1 mM in 0.05 M HCl) being immediately added right after, and the absorbance
was measured after 5 min at 620 nm. The ferric-reducing power (PR) was calculated using
an ascorbic acid calibration curve (CAA) in 0.05 M HCl with ranging values (50–500 µM).
The PR was calculated as µmol of ascorbic acid equivalents (AAE) per gram of dw, using
Equation (3):

PR (µmolAAE/g dw) =
CAA × V

w
(3)

where V is represented (in L) as the entire volume of the extraction medium and w (in g)
represents the dried weight of the material.

2.7. DPPH• Antiradical Activity Assay

The extracted polyphenols from the dried material were evaluated for their antiradical
activity (AAR) using a slightly modified DPPH• method, as previously established by
Shehata et al. [33]. In brief, 4 mL of the sample was mixed with a quantity of 1 mL of a
0.1 mM DPPH• solution in methanol, with the solution being kept at room temperature for
30 min in the dark right after. The absorbance was measured at 515 nm. Moreover, a blank
sample was used instead of the sample, including DPPH• solution and methanol, with
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the absorbance immediately being measured. To calculate the percentage of scavenging,
Equation (4) was employed:

% Scavenging =
Acontrol − Asample

Acontrol
× 100 (4)

An ascorbic acid calibration curve in Equation (5) was used to evaluate antiradical
activity (AAR), which was expressed as µmol AAE per gram of dw:

AAR (µmolAAE/g dw) =
CAA × V

w
(5)

where V is represented (in L) as the entire volume of the extraction medium and w (in g)
represents the dried weight of the material.

2.8. HPLC Quantification of Polyphenolic Compounds

High-performance liquid chromatography (HPLC) was used to detect and quantify in-
dividual polyphenols from the sample extracts, as established in our previous research [32].
A Shimadzu CBM-20A liquid chromatograph and a Shimadzu SPD-M20A diode array
detector (DAD) (both purchased by Shimadzu Europa GmbH, Duisburg, Germany) was
employed for the analysis of C. sativa extracts. The compounds were separated into a
Phenomenex Luna C18(2) column from Phenomenex Inc. in Torrance, California and kept
at 40 ◦C (100 Å, 5 µm, 4.6 mm × 250 mm). The mobile phase included 0.5% aqueous formic
acid (A) and 0.5% formic acid in acetonitrile/water (3:2) (B). The gradient program was
as follows: initially from 0 to 40% B, then to 50% B in 10 min, to 70% B in another 10 min,
and then constant for 10 min. The flow rate of the mobile phase was set at 1 mL/min. The
compounds were identified by comparing the absorbance spectrum and retention time to
those of pure standards and then quantified through calibration curves (0–50 µg/mL).

2.9. Statistical Analysis

The statistical analysis related to response surface methodology and distribution
analysis, which were applicable through JMP® Pro 16 software (SAS, Cary, NC, USA). The
Kolmogorov–Smirnov test was utilized to assess the normality of the data. The one-way
analysis of variance (ANOVA) was carried out. The quantitative analysis was performed in
triplicate, and the extraction procedures were repeated at least twice for each batch of C.
sativa extract. The results are represented in the form of means and standard deviations. A
significance level of p < 0.05 was applied to evaluate the statistical significance. Principal
component analysis (PCA), multivariate correlation analysis (MCA), and partial least
squares (PLS) analysis were conducted through JMP® Pro 16 software.

3. Results and Discussion
3.1. Determination of the Appropriate Solvent Concentration and Liquid-to-Solid Ratio

The initial aim of this research was to find the optimal solvent concentration and the
optimal liquid-to-solid ratio. Various combinations of the two were conducted, which are
illustrated in Table 2. The mixtures were then subjected to PEF treatment at an electric field
strength of 0.8 kV/cm for 20 min, with a pulse duration of 55 µs and a pulse period of 550 µs.
Then, the mixtures were centrifuged at 10,000× g and their TPC values were measured to
acquire the optimal results. In Figure 1, a comparison between the observed and predicted
response (TPC, mg GAE/g dw) for the optimization of the extraction process of C. sativa
is depicted. As shown in plot A, the predicted value has a positive correlation with the
actual one, while the p-value is 0.0091 and the R2 has a value of 0.9533, which enhances
the validity of this result. As for the desirability function (plot B) for the optimization of
the extraction process, it is apparent that there exists a positive correlation between the X1
(solvent concentration) and X2 (liquid-to-solid ratio) parameters with TPC, as an increase
in both, particularly X2, results in an increase in TPC. These findings are also supported by
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the three-dimensional graphs in Figure 2. The desirability function (with a value of 0.9598)
revealed that the optimal conditions for the maximum TPC recovery were 50% v/v solvent
concentration and a liquid-to-solid ratio of 40.

Table 2. Experimental findings for the two independent variables under investigation and the
dependent variable’s response to total polyphenol content (TPC).

Design Point
Independent Variables Response TPC (mg GAE/g)

X1 (C %, v/v) X2 (R, mL/g) Actual Predicted

1 1 (0) 2 (20) 9.45 8.45
2 2 (25) 2 (20) 10.33 10.17
3 3 (50) 3 (30) 12.85 13.16
4 4 (75) 4 (40) 14.00 13.49
5 5 (100) 4 (40) 6.19 6.04
6 1 (0) 1 (10) 2.95 4.54
7 2 (25) 1 (10) 4.20 2.96
8 3 (50) 5 (50) 13.88 14.21
9 4 (75) 3 (30) 6.61 7.67
10 5 (100) 5 (50) 11.39 11.16
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Figure 1. (Plot A) displays the actual versus the predicted response (TPC, mg GAE/g dw) for the
optimization of extraction of C. sativa leaves performed with hydroethanolic solutions. The inset
tables provide statistics related to the evaluation of the resulting model. Values with color and asterisk
are statistically significant. The desirability function for the optimization of extraction of C. sativa
performed with hydroethanolic solutions is displayed in (Plot B).
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Figure 2. Three-dimensional graph depicting the covariation of X1 (C %, v/v) and X2 (R, mL/g)
and the effect of the process variables considered on the response (TPC, mg GAE/g dw) for the
optimization of extraction of C. sativa performed in hydroethanolic solutions.

3.2. Optimization of PEF Conditions

Once the optimal solvent concentration and liquid-to-solid ratios were assessed, the
next goal was to optimize the PEF treatment conditions. In Table 3, the independent
(electric field strength, X1; pulse duration, X2; pulse period, X3; extraction duration, X4)
and the coded variables utilized to optimize the PEF extraction are presented. Table 4
lists the different combinations of X1, X2, X3, and X4 performed during the experimental
procedure and the TPC, FRAP, and DPPH values measured, along with the predicted
ones. The TPC values ranged from 10.29 to 15.82 mg GAE/g dw, which implies that an
electric field strength of 1 kV/cm might be needed to achieve the highest polyphenol
recovery possible. The FRAP and DPPH values ranged from 54.38 to 88.82 and from 8.29 to
25.41 µmol AAE/g dw, respectively. According to Table 4, these results indicate that an
intermediate electric field strength of 0.8 kV/cm is required to achieve the high antioxidant
activity of the extracts.

Table 3. The actual and coded levels of the independent variables were used to optimize the process
of PEF extraction using the Box–Behnken design.

Independent Variables Code Units
Coded Variable Level

−1 0 1

Electric field strength (E, kV/cm) X1 0.6 0.8 1.0
Pulse duration (tpulse, µs) X2 10 55 100

Pulse period (T, µs) X3 100 550 1000
Extraction duration (t, min) X4 10 20 30
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Table 4. Experimental findings for the four independent variables under investigation and the
dependent variable’s responses.

Design
Point

Independent Variables

Responses

TPC
(mg GAE/g dw)

FRAP
(µmol AAE/g)

DPPH
(µmol AAE/g)

X1 (E, kV/cm) X2 (tpulse, µs) X3 (T, µs) X4 (t, min) Actual Predicted Actual Predicted Actual Predicted

1 −1 (0.6) −1 (10) 0 (550) 0 (20) 11.58 11.60 69.47 67.78 16.45 16.89
2 −1 (0.6) 1 (100) 0 (550) 0 (20) 11.90 11.52 69.17 68.31 11.29 11.58
3 1 (1.0) −1 (10) 0 (550) 0 (20) 13.39 14.11 75.71 74.26 11.48 11.40
4 1 (1.0) 1 (100) 0 (550) 0 (20) 11.72 12.04 67.10 66.49 20.12 19.89
5 0 (0.8) 0 (55) −1 (100) −1 (10) 14.57 14.81 88.82 86.69 20.55 20.78
6 0 (0.8) 0 (55) −1 (100) 1 (30) 12.48 12.76 69.37 66.46 11.45 11.04
7 0 (0.8) 0 (55) 1 (1000) −1 (10) 14.61 14.67 69.38 69.98 11.12 11.74
8 0 (0.8) 0 (55) 1 (1000) 1 (30) 14.98 15.08 84.91 84.73 22.87 22.85
9 −1 (0.6) 0 (55) 0 (550) −1 (10) 10.29 10.55 67.58 67.60 10.62 10.51
10 −1 (0.6) 0 (55) 0 (550) 1 (30) 12.48 12.82 59.89 60.87 8.29 8.30
11 1 (1.0) 0 (55) 0 (550) −1 (10) 15.82 15.16 65.81 65.94 10.63 9.03
12 1 (1.0) 0 (55) 0 (550) 1 (30) 11.83 11.24 66.09 67.19 14.08 12.61
13 0 (0.8) −1 (10) −1 (100) 0 (20) 13.76 13.90 75.03 78.85 21.48 21.17
14 0 (0.8) −1 (10) 1 (1000) 0 (20) 15.59 15.58 87.53 86.33 21.47 20.09
15 0 (0.8) 1 (100) −1 (100) 0 (20) 13.73 13.41 79.62 81.93 20.50 20.30
16 0 (0.8) 1 (100) 1 (1000) 0 (20) 14.38 13.91 78.72 76.01 25.41 24.14
17 −1 (0.6) 0 (55) −1 (100) 0 (20) 13.25 12.96 68.04 67.67 19.72 19.07
18 −1 (0.6) 0 (55) 1 (1000) 0 (20) 11.67 11.71 61.71 63.63 12.47 12.50
19 1 (1.0) 0 (55) −1 (100) 0 (20) 12.19 12.13 65.90 65.17 11.18 12.53
20 1 (1.0) 0 (55) 1 (1000) 0 (20) 15.29 15.56 69.22 70.78 19.83 21.86
21 0 (0.8) −1 (10) 0 (550) −1 (10) 15.03 14.65 84.02 84.37 16.87 17.28
22 0 (0.8) −1 (10) 0 (550) 1 (30) 14.05 13.55 77.82 77.99 10.30 11.23
23 0 (0.8) 1 (100) 0 (550) −1 (10) 12.81 13.29 76.08 77.11 11.69 12.14
24 0 (0.8) 1 (100) 0 (550) 1 (30) 12.38 12.74 77.17 78.01 18.59 19.56
25 0 (0.8) 0 (55) 0 (550) 0 (20) 11.56 11.61 54.38 55.32 15.93 16.06
26 0 (0.8) 0 (55) 0 (550) 0 (20) 11.76 11.61 55.90 55.32 16.02 16.06
27 0 (0.8) 0 (55) 0 (550) 0 (20) 11.52 11.61 55.68 55.32 16.22 16.06

In Table 5, the influence of the independent variables (X1–X4) on the recovery of the
polyphenols identified through HPLC-DAD is illustrated. Neochlorogenic acid ranged from
0.01 to 0.04 mg/L, pelargonin from 0.92 to 1.45 mg/L, catechin from 0.04 to 0.30 mg/L, chloro-
genic acid had a range of 0.19–0.21 mg/L, eriocitrin 0.11–0.52 mg/L, rutin 0.33–0.62 mg/L,
apigenin-7-O-glucoside 0.04–0.64 mg/L, and ursolic acid 1.20–5.90 mg/L. Neochlorogenic
acid was found to be present in small quantities, and even undetected in some extraction
design points. Its maximum quantity seemed to be achieved when an electric field strength
of 0.8 kV/cm was applied, combined with a pulse duration of 55 µs. The same conditions
were implied to also maximize the pelargonin, catechin, and ursolic acid extraction. Eriocitrin
and apigenin-7-O-glucoside extraction appeared to be enhanced when 0.8 kV/cm and 10 µs
pulse duration were applied. In Figure 3, a representative chromatograph of the polyphenols
identified and quantified via HPLC-DAD is presented.

Table 5. Coded values of the four independent variables under investigation and the actual concen-
tration of polyphenolic compounds, represented in mg/g dw.

Design
Point

Independent Variables Responses

X1 (E,
kV/cm)

X2 (tpulse,
µs) X3 (T, µs) X4 (t, min) NCA PEL CA CGA ERC RT A7G ULA

1 −1 (0.6) −1 (10) 0 (550) 0 (20) 0.02 1.05 0.08 0.20 0.22 0.40 0.39 4.96
2 −1 (0.6) 1 (100) 0 (550) 0 (20) 0.03 1.29 0.06 0.21 0.36 0.39 0.50 4.66
3 1 (1.0) −1 (10) 0 (550) 0 (20) 0.01 1.12 0.08 0.21 0.20 0.62 0.38 4.58
4 1 (1.0) 1 (100) 0 (550) 0 (20) 0.02 1.21 0.06 0.20 0.21 0.39 0.40 5.28
5 0 (0.8) 0 (55) −1 (100) −1 (10) 0.04 1.42 0.06 0.21 0.39 0.42 0.60 4.46
6 0 (0.8) 0 (55) −1 (100) 1 (30) 0.03 1.45 0.06 0.21 0.42 0.41 0.57 4.80
7 0 (0.8) 0 (55) 1 (1000) −1 (10) 0.03 1.27 0.30 0.20 0.26 0.37 0.40 4.72
8 0 (0.8) 0 (55) 1 (1000) 1 (30) 0.04 1.31 0.05 0.21 0.42 0.40 0.53 5.90
9 −1 (0.6) 0 (55) 0 (550) −1 (10) 0.02 1.22 0.05 0.21 0.28 0.39 0.43 5.79

10 −1 (0.6) 0 (55) 0 (550) 1 (30) 0.02 1.07 0.07 0.20 0.18 0.37 0.35 5.73
11 1 (1.0) 0 (55) 0 (550) −1 (10) 0.01 0.92 0.24 0.21 0.33 0.33 0.45 1.20
12 1 (1.0) 0 (55) 0 (550) 1 (30) 0.03 1.17 0.08 0.20 0.31 0.40 0.43 4.19
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Table 5. Cont.

Design
Point

Independent Variables Responses

X1 (E,
kV/cm)

X2 (tpulse,
µs) X3 (T, µs) X4 (t, min) NCA PEL CA CGA ERC RT A7G ULA

13 0 (0.8) −1 (10) −1 (100) 0 (20) 0.03 1.37 0.18 0.19 0.52 0.43 0.64 2.34
14 0 (0.8) −1 (10) 1 (1000) 0 (20) 0.03 1.23 0.10 0.21 0.36 0.41 0.55 2.79
15 0 (0.8) 1 (100) −1 (100) 0 (20) 0.03 1.27 0.06 0.20 0.33 0.41 0.46 2.58
16 0 (0.8) 1 (100) 1 (1000) 0 (20) 0.03 1.19 0.14 0.21 0.44 0.42 0.56 3.03
17 −1 (0.6) 0 (55) −1 (100) 0 (20) nd * 1.26 0.08 0.20 0.24 0.39 0.44 2.41
18 −1 (0.6) 0 (55) 1 (1000) 0 (20) 0.02 1.08 0.08 0.20 0.11 0.37 0.30 2.37
19 1 (1.0) 0 (55) −1 (100) 0 (20) 0.02 1.19 0.05 0.20 0.23 0.39 0.35 2.73
20 1 (1.0) 0 (55) 1 (1000) 0 (20) nd 1.20 0.11 0.20 0.24 0.37 0.33 2.72
21 0 (0.8) −1 (10) 0 (550) −1 (10) nd 1.22 0.04 0.20 0.31 0.39 0.04 2.74
22 0 (0.8) −1 (10) 0 (550) 1 (30) nd 1.29 0.04 0.20 0.31 0.39 0.46 2.80
23 0 (0.8) 1 (100) 0 (550) −1 (10) 0.03 1.20 0.04 0.20 0.24 0.40 0.38 2.57
24 0 (0.8) 1 (100) 0 (550) 1 (30) nd 1.23 0.05 0.20 0.24 0.38 0.38 2.68
25 0 (0.8) 0 (55) 0 (550) 0 (20) nd 1.28 0.04 0.20 0.20 0.37 0.34 2.98
26 0 (0.8) 0 (55) 0 (550) 0 (20) 0.02 1.17 0.06 0.20 0.17 0.38 0.36 3.53
27 0 (0.8) 0 (55) 0 (550) 0 (20) nd 1.00 0.05 0.20 0.18 0.39 0.36 2.76

* nd: not detected. NCA: neochlorogenic acid; PEL: pelargonin; CA: catechin; CGA: chlorogenic acid; ERC:
eriocitrin; RT: rutin; A7G: apigenin 7-O-glucoside; ULA: ursolic acid.
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Figure 3. Representative HPLC chromatogram at 280, 320, and 360 nm of C. sativa leaf extract,
demonstrating polyphenolic compounds that were identified. 1: neochlorogenic acid; 2: pelargonin;
3: catechin; 4: chlorogenic acid; 5: eriocitrin; 6: rutin; 7: apigenin 7-O-glucoside; 8: ursolic acid.

In Table 6, the statistical parameters, second-order polynomial equations (models),
and coefficients (coefficients > 0.95) found for each model are given. These results indicate
that the proposed models fit well. Figures S1–S3 display the plots of the observed response
compared to the expected response for each parameter analyzed, as well as the desirability
functions. Figures S4–S6 display three-dimensional response plots for TPC, FRAP, and
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DPPH responses. In Table 7, the maximum predicted responses and the optimal PEF
conditions leading to them are presented.

Table 6. Mathematical models created using RSM were used to optimize the extraction of C. sativa
leaves. The models contained only significant terms.

Responses Second-Order Polynomial Equations (Models) R2 p Equation

TPC
Y = 6.47 + 23.3X1 − 0.02X2 − 0.02X3 + 0.07X4 − 5.11X1

2 +
0.0004X2

2 + 0.00001X3
2 + 0.01X4

2 − 0.06X1X2 − 0.01X1X3 −
0.77X1X4 − 0.00001X2X3 + 0.0003X2X4 + 0.0001X3X4

0.9466 <0.0001 (6)

FRAP
Y = 171.43 − 14.6X1 − 0.6X2 − 0.11X3 − 6.27X4 − 0.97X1

2 +
0.007X2

2 + 0.0001X3
2 + 0.1X4

2 − 0.23X1X2 + 0.03X1X3 + 0.99X1X4
− 0.0002X2X3 + 0.004X2X4 + 0.002X3X4

0.9739 <0.0001 (7)

DPPH
Y = 29.32 + 64.81X1 − 0.58X2 − 0.08X3 − 0.43X4 − 75.69X1

2 +
0.001X2

2 + 0.00001X3
2 − 0.03X4

2 + 0.38X1X2 + 0.04X1X3 +
0.72X1X4 + 0.0001X2X3 + 0.008X2X4 + 0.001X3X4

0.9693 <0.0001 (8)

Table 7. Maximum predicted responses and optimum extraction conditions for the dependent variables.

Responses
Optimal Conditions

Maximum
Predicted Response

E, kV/cm
(X1)

tpulse, µs
(X2)

T, µs
(X3)

t, min
(X4)

TPC (mg GAE/g) 16.22 ± 0.79 0.9 30 1000 15
FRAP (µmol AAE/g) 91.50 ± 4.22 0.9 10 950 25
DPPH (µmol AAE/g) 27.81 ± 1.87 0.9 80 1000 25

3.3. Principal Component Analysis (PCA) and Multivariate Correlation Analysis (MCA)

Principal component analysis (PCA) was implemented to acquire additional insights
from the variables and perform a comprehensive data analysis. The objective of this analysis
was to determine if there was a correlation between TPC and antioxidant assays, namely
FRAP and DPPH. Additionally, this study aimed to analyze the relationship between
the individual polyphenols detected in the extracts and PEF conditions (i.e., electric field
strength, pulse duration, pulse period, and extraction time). The two primary components
depicted in Figure 4 were selected based on their eigenvalues exceeding 1. The combination
of these components contributed to a total variance of 50.50%. The results determined
whether the parameters displayed a positive or negative correlation. For instance, the
polyphenols identified in the extracts possess a direct relationship with TPC and antioxidant
assays, as one would anticipate. Notably, the pulse period exhibits a negative correlation
with the polyphenols in C. sativa extracts.

Furthermore, MCA was conducted to provide additional detail on the connection
between the variables under investigation. The primary advantage of this approach, in
comparison to the preceding one, lies in its ability to quantitatively measure the extent of
positive or negative correlation between variables. The color map employed in this context
incorporates a color scale that represents correlation values spanning from −1 to 1, as
mentioned in the subsequent caption. In Figure 5, the MCA results are depicted. Catechin
appears to have a negative correlation (<0.8) with DPPH assay and pelargonin, chlorogenic
acid, rutin, and ursolic acid. A possible explanation for this negative correlation may be
the solvent composition, which may not be favorable for maximizing the extraction of this
particular polyphenol. Catechin is a molecule with high polarity, and therefore employing
organic solvents like methanol or ethanol increases the extraction yield. Thus, in the case
where a 50% aqueous ethanol solution is utilized, it is logical that the efficiency of catechin
extraction is not favored [34]. On the contrary, all the other polyphenols possess a positive
correlation (>0.0) with one another. TPC has no correlation (=0.0) with neochlorogenic acid,
eriocitrin, luteolin 7-O-glucoside, and rutin. FRAP has a positive correlation (>0.2) with
every variable under investigation, except for catechin and ursolic acid, where there is
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no correlation (=0.0) and a negative correlation (<1.0), respectively. DPPH has a negative
correlation (<1.0) with catechin, chlorogenic acid, and ursolic acid, and no correlation at all
(=0.0) with neochlorogenic acid and rutin.
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3.4. Partial Least Squares (PLS) Analysis and Variable Importance Plot (VIP) Coefficient

In order to ascertain the most crucial extraction parameters (X1, X2, X3, and X4), a
PLS analysis was performed. PLS analysis was used to produce a correlation loading plot
which visually represents the extraction conditions of C. sativa. When the significance value
of the projection (VIP) factor is equal to or greater than 0.8, it implies that this variable has
a more substantial impact. According to the results presented in Figure 6, the variables
themselves do not contribute significantly to the extraction of bioactive compounds, but the
combinations X1 × X3, X1 × X4, X3 × X4, X1 × X1, X2 × X2, X3 × X3, and X4 × X4 were
proven to be the most important factors in the maximization of bioactive compound yield.
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The correlation between the values predicted by the PLS model and those acquired
through experimental analysis was determined to be 0.9978; furthermore, there were
no significant deviations observed, as indicated by the p-value of 0.0299. The optimal
conditions of C. sativa extraction through PEF were assessed as 0.9 kV/cm electric field
strength, 10 µs pulse duration, 1000 pulse period, and 25 min extraction duration. The
experimental and PLS-predicted values for the TPC and antioxidant assays, in which the
optimal parameters were identified, are provided in Table 8, while in Table 9 the yields
of polyphenolic compounds under the optimal conditions are listed. Moreover, the same
assays were conducted on a control extract, which was processed the same way but was
not subjected to PEF treatment.

Table 8. Maximum desirability for all variables using the partial least squares (PLS) prediction
profiler under the optimal extraction conditions (X1:0.9, X2:10, X3:1000, and X4:25). There was also a
comparison with the control extract, which was without any PEF treatment.

Variables PLS Model Values Experimental Values
(PEF)

Control
(No PEF) % Increase

TPC (mg GAE/g) 16.65 16.79 ± 0.34 a 9.62 ± 0.30 b 74.5
FRAP (µmol AAE/g) 94.95 95.41 ± 6.68 a 54.97 ± 1.15 b 73.6
DPPH (µmol AAE/g) 20.67 24.78 ± 0.72 a 14.51 ± 0.93 b 70.9

Within each row, statistically significant differences (p < 0.05) are denoted with lowercase letters (e.g., a,b).

Table 9. Polyphenolic compounds analysis under optimal extraction conditions. There was also a
comparison with the control extract, which was without any PEF treatment.

Polyphenolic Compounds
(mg/g)

Optimal Extract
(PEF)

Control
(No PEF) % Increase

Neochlorogenic acid 0.10 ± 0.01 a 0.03 ± 0 b 289.1
Pelargonin 1.32 ± 0.06 a 0.94 ± 0.07 b 41.1
Catechin 0.20 ± 0.01 a 0.16 ± 0 b 23.5

Chlorogenic acid 0.26 ± 0.01 a 0.21 ± 0.01 b 23.8
Eriocitrin 0.61 ± 0.03 a 0.22 ± 0 b 180.9

Rutin 0.45 ± 0.03 a 0.32 ± 0.01 b 41.3
Apigenin 7-O-glucoside 0.51 ± 0.03 a 0.26 ± 0.01 b 99.2

Ursolic acid 3.52 ± 0.21 a 0.88 ± 0.03 b 300.5
Total identified 6.98 ± 0.38 a 3.01 ± 0.14 b 131.9

Within each row, statistically significant differences (p < 0.05) are denoted with lowercase letters (e.g., a,b).

After optimization, there was a ~75% increase in TPC in relation to the control extract,
a ~74% increase in FRAP assay, and ~71% in DPPH assay. Furthermore, ursolic acid and
neochlorogenic acid exhibited the highest increase in their extraction yields among the
polyphenols when compared to the control. It is noteworthy that all the values obtained
through PEF treatment exhibit statistically significant differences compared to the control
ones, as this implies that PEF favors the isolation of bioactive compounds from C. sativa.
This observation can be also supported by the comparison of our results with other studies
in the existing literature. More specifically, André et al. [35] assessed the TPC on various
C. sativa cultivars with different sowing conditions. They extracted polyphenols via sonica-
tion, using a 7:3 methanol:water solvent at a solid-to-liquid ratio of 0.8:1. Their TPC values
were ~7 to ~114% lower than the one obtained in our study. Moreover, Izzo et al. [36] also
utilized sonication to isolate polyphenols from C. sativa plants, with methanol solvent and
a 2:3 solid-to-liquid ratio. Their yield on the leaves of the plant was ~2898% lower than the
one presented in our study. Aazza et al. [37] measured the antioxidant activity of C. sativa
waste utilizing the FRAP assay, and the value reported was 122.98 µmol AAE/g, slightly
higher (~29%) than the one reported in this study. Moreover, Agarwal et al. [38] reported
a FRAP value of C. sativa which was ~408% lower than the one reported in our study.
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Babiker et al. [39] determined some polyphenolic compounds in C. sativa extracts through
HPLC. The extracts were prepared in a water rinsing bath, employing ethanol:water 8:2
solvent in a 1:10 solid-to-liquid ratio. The rutin content in their study was ~32% lower than
ours, while apigenin 7-O-glucocide was ~42% lower. The most abundant polyphenol iden-
tified through HPLC-DAD was ursolic acid. Ursolic acid has also been found in a variety of
sources, most notably leaves and flowers [40,41]. Owing to their diverse range of activities
and minimal toxicity, they have received significant attention in recent years, inspiring nu-
merous publications. Several advantageous benefits, including antioxidative, antimicrobial,
anti-inflammatory, anticancer, anti-hyperlipidemic, analgesic, hepatoprotective, gastropro-
tective, anti-ulcer, anti-HIV, cardiovascular, antiatherosclerotic, and immunomodulatory
properties, have been documented [42,43]. Multiple studies suggest that ursolic acid has
the ability to promote muscle growth, decrease fat accumulation, and improve the recovery
of the skin protective barrier. As a result, it has been recommended as a potential treat-
ment for skin conditions [44] and could be incorporated into sports supplements [45,46],
cosmetics [47], and health products [48].

4. Conclusions

The aim of this work was to establish the optimal conditions for the extraction of
bioactive compounds from C. sativa leaves by PEFs. Initially, the proper solvent and
liquid-to-solid ratio were investigated and determined to be 50% aqueous ethanol solution
and 20:1 v/v, respectively. Then, optimization of the PEF parameters was sought. The
maximum bioactive compound yield was obtained under the optimum conditions, which
were 0.9 kV/cm electric field strength, 10 µs pulse width, 1000 µs pulse period, and 25 min.
More specifically, the polyphenol recovery was 16.79 mg GAE/g dw, while the antioxidant
capacity of the extract was measured to be 94.95 µmol AAE/g dw in FRAP assay and
20.67 µmol AAE/g dw in terms of DPPH radical scavenging activity. Ursolic acid was
found to be the most abundant polyphenol identified through HPLC-DAD, which possesses
various health-improving properties. PEF extracts derived from C. sativa leaves have the
potential to provide pharmaceutical and food industries with bioactive compounds of
natural origin that enhance health. Further investigation is required to deeply comprehend
the utilization of PEFs, which have the potential to yield more effective extracts suitable for
enriching foods, medicinal herbal teas, traditional beverages, and even alcoholic beverages.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/analytica5010006/s1, Figure S1: Plots A and B display the actual response
versus the predicted response (Total polyphenol content − TPC, mg GAE/g) for the optimization of
C. sativa leaf extracts carried out with hydroethanolic solution, different extraction PEF parameters,
and the desirability function. Asterisks and colored values denote statistically significant values, while
inset tables include statistics relevant to the evaluation of the resulting model; Figure S2: Plots A and B
display the actual response versus the predicted response (FRAP, µmol AAE/g) for the optimization
of C. sativa leaf extracts carried out with hydroethanolic solution, different extraction PEF parameters,
and the desirability function. Asterisks and colored values denote statistically significant values, while
inset tables include statistics relevant to the evaluation of the resulting model; Figure S3: Plots A and B
display the actual response versus the predicted response (DPPH, µmol AAE/g) for the optimization
of C. sativa leaf extracts carried out with hydroethanolic solution, different extraction PEF parameters,
and the desirability function. Asterisks and colored values denote statistically significant values, while
inset tables include statistics relevant to the evaluation of the resulting model; Figure S4: The optimal
extraction of C. sativa leaf extracts is shown in 3D graphs that show the impact of the process variables
considered in the response (Total polyphenol content − TPC, mg GAE/g). Plot (A), covariation of X1
and X2; plot (B), covariation of X1 and X3; plot (C), covariation of X1 and X4; plot (D), covariation of X2
and X3; plot (E), covariation of X2 and X4; plot (F), covariation of X3 and X4; Figure S5: The optimal
extraction of C. sativa leaf extracts is shown in 3D graphs that show the impact of the process variables
considered in the response (FRAP, µmol AAE/g). Plot (A), covariation of X1 and X2; plot (B), covariation
of X1 and X3; plot (C), covariation of X1 and X4; plot (D), covariation of X2 and X3; plot (E), covariation
of X2 and X4; plot (F), covariation of X3 and X4; Figure S6: The optimal extraction of C. sativa leaf extracts
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is shown in 3D graphs that show the impact of the process variables considered in the response (DPPH,
µmol AAE/g). Plot (A), covariation of X1 and X2; plot (B), covariation of X1 and X3; plot (C), covariation
of X1 and X4; plot (D), covariation of X2 and X3; plot (E), covariation of X2 and X4; plot (F), covariation
of X3 and X4.
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