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Abstract: Increasing research is being directed toward the production of value-added products using
plant extracts that are super-fortified with antioxidants. In this study, the extraction parameters for
bioactive compounds (such as polyphenols) from Nasturtium officinale leaves and their antioxidant
properties were optimized using response surface methodology. The optimization procedure ex-
amined the effects of the extraction temperature, time, and solvent composition on conventional
magnetic stirring (ST). In addition, the impacts of two green techniques—pulsed electric field (PEF)
and ultrasound (US)—were evaluated individually and in combination to assess their potential
to enhance the extraction of the compounds. According to our findings, under the proposed ex-
traction conditions (a combination of PEF, US, and ST as a extraction technique, 50% ethanolic
solvent, for 30 min at 80 ◦C). N. officinale leaf extract proved to be an excellent source of bioactive
compounds, with extracts containing rosmarinic acid (3.42 mg/g dried weight (dw)), chlorogenic
acid (3.13 mg/g dw), total polyphenol content (28.82 mg of gallic acid equivalents (GAE)/g dw), and
strong antioxidant properties. The FRAP method measured 57.15 µmol ascorbic acid equivalents
(AAE)/g dw, while the DPPH radical scavenging activity method measured 47.55 µmol AAE/g dw.
This study was carried out to evaluate and improve the concentration of bioactive compounds in
N. officinale leaf extract, resulting in a product with multiple applications across the food, cosmetic,
and pharmaceutical industries.

Keywords: watercress; green extraction techniques; pulsed electric field; ultrasound; polyphenols;
rosmarinic acid; antioxidants

1. Introduction

Nasturtium officinale or watercress, a member of the Brassicaceae family [1], is native
to western Asia, India, Europe, and Africa. In Europe, it is mainly found in Denmark,
Belgium, the Czech Republic, Austria, Ireland, Sweden, Germany, and Hungary [2]. A
plethora of phytochemicals and vitamins are contained in watercress. More specifically,
it contains 2.4 g/80 g of crude protein, 0.8 g/80 g of fat, 1.2 g/80 g of fiber, and a total
of 18 kcal [3]. In addition, it is a source of vitamins A (336 µg/80 g), B1 (0.13 mg/80 g),
B6 (0.18 mg/80 g), C (50 mg/80 g), E (1.17 mg/80 g), and K (200 µg/ 80 g) [3]. It is also
worth mentioning that watercress contains minerals such as calcium, iron, magnesium,
phosphorus, potassium, and zinc in amounts of 136, 1.8, 12, 0.5, 42, 184, and 0.6 mg/80 g,
respectively [4,5]. Finally, it contains sodium and copper in significant amounts [4,5].

Aside from their abundance of nutrients, watercress leaves are used in traditional
medicine on account of their antioxidant, anti-cancer, antibacterial, anti-inflammatory,
and cardioprotective properties [6]. These properties are mainly attributed to the total
polyphenol content of watercress [6]. Despite the importance of polyphenols in watercress,
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a low amount has been documented; in the vegetative period, the amount ranges between
8.03 and 9.35 mg gallic acid equivalents (GAE)/g, and in the generative period, the quantity
is lower (between 6.5 and 7.65 mg GAE/g) [2].

Polyphenols, found in abundance in plants, have become an emerging field of interest
in nutrition in recent decades since a rising body of research shows that polyphenol
consumption plays a vital role in human health [7]. The solid–liquid method is one of
the classical and conventional extraction techniques for the recovery of polyphenols [8].
This extraction method is based on the performance of different solvents or hot water
extraction [9]. However, it also has some limitations, such as low efficiency and long
extraction time, high solvent cost, and degradation of volatile compounds. Therefore, it
is not considered “green” and attractive, and for this reason, some of the conventional
solid–liquid extraction processes are well suited to be supported by green methods, such as
ultrasound, to disrupt the cell wall structure of plant raw materials [8].

Nowadays, studies are being carried out to isolate the maximum amount of polyphe-
nols from plant products using mainly green extraction methods [10–12]. A green extraction
method or technique is an extraction process that has low energy consumption, a short
extraction duration, and/or uses new-generation, non-harmful solvents, and ensures a
safe and high-quality final product [13–15]. Among the green extraction methods, pulsed
electric field (PEF), ultrasound (US), supercritical fluid extraction (SFE), pressurized liquid
extraction (PLE), and microwave-assisted extraction (MAE) are the most renowned [16].
The advanced technologies of MAE, US, and PEF provide the basis for a significantly
reduced cost of production of enhanced extracts [10].

Although the PEF system is an advanced extraction method, it has limitations in the
food industry, such as the occurrence of electrochemical reactions at the electrode–rotor
interface. These reactions can lead to significant alterations, such as electrolysis of water
and chemical changes in the food product [17]. In general, the ultrasonic bath is one of the
most widely used instruments in food analysis laboratories throughout the world. It is
considered a very advanced extraction method and, indeed, the most economical ultrasonic
irradiation system. It allows for a uniform distribution of energy within the vessel [18];
however, the placement of the vessel containing the matrix and solvent within the bath
must be performed very carefully, as the effect of the ultrasonic waves varies with the
location [19,20]. In light of the considerable nutritional value associated with watercress,
coupled with the low amount of polyphenols, the primary objective of this research was the
optimization of the extraction process so as to maximize the extraction yield of polyphenolic
compounds. Moreover, given the importance of green extraction methods and their positive
impact on the isolation of polyphenols, a multifactorial system was employed so as to
examine both conventional extraction and two key green extraction methods, PEF and US,
as well as their combination, taking into account all the parameters affecting extraction
(temperature, time, and solvent composition) [21–23]. In this way, the superiority of green
extraction methods, or a combination of them, for obtaining more antioxidant compounds
from watercress was studied and analyzed. This research promotes the enrichment of
a polyphenol-poor extract using green extraction techniques and facilitates the use of
watercress extract in a wider range of applications.

2. Materials and Methods
2.1. Flower Collection and Preparation

Plants were collected from the Peloponnese region (Greece) when they were in full
maturity according to the ripening data of watercress plant from previous studies [1,24–26].
The leaves were carefully cut off and then gently washed. All leaves employed for the
experiment were at the maximum height encountered, 12 cm [24,25]. Before using the
leaves, they were placed between absorbent paper for 48 h to absorb moisture and to be
protected from light. More absorbent paper was used, when necessary, until the leaves
were dried.
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2.2. Chemicals and Reagents

All solvents used were of at least HPLC grade and sourced from Carlo Erba (Val de Reuil,
France). The chemical standards for the polyphenolic compounds, including chlorogenic
acid, caffeic acid, syringic acid, p-coumaric acid, ferulic acid, rosmarinic acid, rutin,
quercetin 3-β-D-glucoside, luteolin-7-glucoside, narirutin, kaempferol-3-glucoside, apigenin-
7-O-glucoside, and myricetin, were obtained from Sigma-Aldrich (Steinheim, Germany).
Hydrochloric acid, ascorbic acid, trichloroacetic acid, ferric (III) chloride, aluminum
chloride, and sodium acetate were also purchased from Sigma-Aldrich (Steinheim, Ger-
many). Additionally, gallic acid, anhydrous sodium carbonate, Folin–Ciocalteu reagent,
2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,4,6-tri-2-pyridyl-1,3,5-triazine (TPTZ) were
sourced from Penta (Prague, Czech Republic). Deionized water was used in all experiments.

2.3. Extraction Procedure

For the conventional extraction process (ST), mixtures (comprising 1 g of plant material
and 20 mL of solvent) were stirred at 500 rpm under varying temperature and time condi-
tions. Prior to the ST extraction, some samples underwent additional pretreatment with
green extraction methods (PEF or US, or both). For the PEF treatment, a pulse period of 1 ms
(frequency: 1 kHz), a pulse duration of 10 µs, and an electric field strength of 1.0 kV/cm
were employed. This setup involved a mode/arbitrary waveform generator (UPG100, ELV
Elektronik AG, Leer, Germany), a digital oscilloscope (Rigol DS1052E, Beaverton, OR, USA),
a high-voltage power generator (Leybold, LD Didactic GmbH, Huerth, Germany), and
custom stainless-steel chambers (Val-Electronic, Athens, Greece). The US pretreatment was
conducted using an Elmasonic P70H machine, 180 W (Elma Schmidbauer GmbH, Singen,
Germany), at 30 ◦C and 37 kHz. The dried material was pre-soaked in the solvent for
10 min before any treatment. Following extraction, the mixture was centrifuged at 4500 rpm
for 10 min, and the supernatant was collected for subsequent analyses.

2.4. Response Surface Methodology (RSM) Extraction Optimization

The response surface methodology (RSM) was employed to optimize the total polyphe-
nol content (TPC) and antioxidant potential. Optimization was achieved by refining the
extraction process, particularly through the adjustment of parameters, such as the solvent
concentration (ethanol in water), denoted as C (% v/v), to investigate solvents of varying
polarities; the extraction time, labeled as t (min), based on preliminary experiments; and
the extraction temperature, indicated as T (◦C), with a cap of 80 ◦C to maintain the integrity
of the compounds extracted. A main effects screening design, featuring twenty design
points, was utilized to optimize the process. The variables underwent testing at five distinct
levels, as outlined in Table 1, which presents both coded and actual levels. Analysis of vari-
ance (ANOVA) and summary-of-fit tests were performed to evaluate the model’s overall
significance (R2, p-value), as well as the significance of the model coefficients (equations).
Additionally, a second-order polynomial model was employed to forecast the dependent
variable using the analyzed independent factors:

Yk= β0 +
2

∑
i=1

βiXi +
2

∑
i=1

βiiX2
i +

2

∑
i=1

3

∑
j=i+1

βijXiXj (1)

where the independent variables are denoted by Xi and Xj, and the predicted response
variable is defined by Yk. In the model, the intercept and regression coefficients β0, βi, βii
and βij, respectively, represent the linear, quadratic, and interaction terms.
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Table 1. The actual and coded levels of the independent variables used to optimize the process.

Independent
Variables

Code
Units

Coded Variable Levels

1 2 3 4 5

Technique X1 ST PEF + ST US + ST PEF + US + ST –
C (%, v/v) X2 0 25 50 75 100

t (min) X3 30 60 90 120 150
T (◦C) X4 20 35 50 65 80

2.5. Analyses of the Extracts
2.5.1. Total Polyphenol Content (TPC)

The total polyphenol contents (TPC) of the watercress extracts were determined follow-
ing the procedure described by Lakka et al. [27]. In brief, 100 µL of the extracts were mixed
with an equal volume of the Folin–Ciocalteu reagent in an Eppendorf tube. Two minutes
later, 800 µL of Na2CO3 solution (5% w/v) was added, and the solutions were heated at
40 ◦C for 20 min. Finally, using a Shimadzu spectrophotometer (UV-1700, Shimadzu Europa
GmbH, Duisburg, Germany), the absorbance at 740 nm was measured. A calibration curve
was also prepared, using gallic acid as the standard compound. The concentration of the
total polyphenols (CTP) was expressed as mg gallic acid equivalents (GAE) per L. The TPC
was expressed as mg GAE per g of dry weight (dw), using Equation (2):

TPC (mg GAE/g dw) =
CTP × V

w
(2)

where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.5.2. Ferric-Reducing Antioxidant Power (FRAP)

The antioxidant activity was measured using the ferric-reducing antioxidant power
(FRAP) assay, according to the protocol previously outlined by Paleologou et al. [28]. The
amount of 50 µL ferric (III) chloride solution (4 mM in 0.05 M HCl) was well mixed with
50 µL of the diluted sample extract and then incubated in a water bath at 37 ◦C for 30 min.
After that, 900 µL of TPTZ solution (1 mM in 0.05 M HCl) was added, and the absorbance
at 620 nm was measured after exactly 5 min. The ferric-reducing antioxidant power (PR)
was determined as µmol ascorbic acid equivalents (AAE) per g of dw, using an ascorbic
acid calibration curve (CAA, 50–500 µmol/L in 0.05 M HCl) calculated using Equation (3):

PR (µmol AAE/g dw) =
CAA × V

w
(3)

where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.5.3. Radical Scavenging Activity (DPPH)

The DPPH radical scavenging activity was evaluated using a modified version of
the protocol previously outlined by Paleologou et al. [28]. A volume of 25 µL of diluted
sample extract was mixed with 975 µL of DPPH solution (100 µmol/L in methanol), and
the absorbance at 515 nm was measured immediately after mixing (A515(i)) and exactly
30 min later (A515(f)). To calculate the percentage of inhibition, Equation (4) was employed:

Inhibition (%) =
A515(i) − A515(f)

A515(i)
× 100 (4)
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An ascorbic acid calibration curve in Equation (5) was used to evaluate the antiradical
activity (AAR), which was expressed as µmol AAE per gram of dw:

AAR (µmol AAE/g dw) =
CAA × V

w
(5)

where V is the volume of the extraction medium (in L), and w is the dry weight of the
sample (in g).

2.5.4. High-Performance Liquid Chromatography (HPLC) Coupled with Diode Array
Detector (DAD)

High-performance liquid chromatography (HPLC) coupled with diode array detec-
tor (DAD) was used to quantify individual polyphenolic compounds, as detailed in our
previous study [29]. In more detail, the analysis utilized a Shimadzu CBM-20A liquid
chromatograph connected to a Shimadzu SPD-M20A diode array detector, both provided
by Shimadzu Europa GmbH in Duisburg, Germany. The separation of compounds occurred
on a Phenomenex Luna C18 (2) column from Phenomenex Inc. in Torrance, CA, USA,
maintained at 40 ◦C (100 Å, 5 µm, 4.6 mm × 250 mm). The mobile phase comprised 0.5%
aqueous formic acid (A) and a mixture of 0.5% formic acid in acetonitrile/water (6:4) (B).
The gradient program employed was as follows: starting at 0% B and increasing to 40% B,
then a transition to 50% B over 10 min, further increasing to 70% B in the subsequent 10 min,
and then maintaining this level for 10 min. The flow rate of the mobile phase was set at
1 mL/min. Retention time and absorbance spectrum comparisons were made against those
of pure chemical standards for compound identification. Quantification was accomplished
using calibration curves ranging from 0 to 50 µg/mL.

2.6. Statistical Analysis

The experimental design, statistical analysis related to the response surface method-
ology, and distribution analysis were all conducted using JMP® Pro 16 (SAS, Cary, NC,
USA) software. All extraction procedures described above were performed three times,
and each extract was analyzed in triplicate. The results are expressed as the mean values
of all measurements (3 × 3 = 9 total measurements for each extract), with the standard
deviation calculated from these nine samples.

3. Results and Discussion
3.1. Extraction Optimization

The main parameters affecting the extraction process of ST and the use of green ex-
traction methods (US and PEF) were assessed to determine the maximum TPC yield. In
order to minimize the number of conducted experiments and obtain a better overview,
an RSM approach was employed. Using the RSM approach, a multi-factor system was
constructed, as shown in Table 2, resulting in 20 different design points. From the results,
the combination of the most suitable extraction parameters were identified to ensure the
preparation of an extract from dried watercress leaves with the highest possible concen-
tration of bioactive compounds and antioxidant activity. The experimental design used
approximately 1 g of dried watercress plant and 20 mL of solvent for each extraction. This
proportion was deliberately chosen to ensure the efficient extraction of all components.
Preliminary research indicated that using a smaller volume of solvent led to significant
absorption by the plant, whereas volumes exceeding 20 mL did not result in increased
extraction yields.

The results obtained from the analyses of the 20 extracts (presented in Table 2) indicate
that different combinations have a major impact on the measured responses. In particular,
design point 13 is considered the most appropriate for acquiring the highest amount of
total polyphenols, while design points 11 and 2 were considered the most suitable for
enhancing the antioxidant activity by the FRAP and DPPH methods, respectively. Among
the most interesting results is that neither PEF, US, nor the use of 100% ethanol was found
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to enhance the FRAP activity. In general, ethanol is considered to favor the efficiency of
an extraction, especially for bioactive compounds characterized by medium polarity, such
as polyphenols [30]. This was substantiated in the present study, since, for maximum
isolation of the total polyphenols, the use of 50% ethanolic solvent was found to be the
most appropriate. Nevertheless, in a previous study, it was proven that the use of water
as the solvent was the best extraction medium concerning the antioxidant activity in
all studied fruits [31]. This finding was corroborated in the current study, where water
emerged as the most suitable solvent for enhancing the antioxidant capacity of watercress
leaves, as measured by the FRAP method. Despite the advantages associated with green
extraction techniques, it is important to note that extraction processes, such as US at elevated
temperatures, may lead to the degradation of heat-sensitive compounds, resulting in the
loss of valuable elements [32,33], which occurred in the case of the antioxidant capacity via
the FRAP method.

Table 2. The findings from the experiment involving four independent variables and the responses of
the dependent variable.

Design
Point

Independent
Variables

Responses

TPC
(mg GAE/g dw)

FRAP
(µmol AAE/g dw)

DPPH
(µmol AAE/g dw)

X1 X2 X3 X4 Actual Predicted Actual Predicted Actual Predicted

1 3 1 3 4 7.59 ± 0.40 8.60 57.24 ± 1.66 54.96 29.33 ± 1.55 28.42
2 3 2 1 3 14.43 ± 0.87 13.79 48.67 ± 0.97 48.34 40.29 ± 2.70 37.77
3 2 3 4 3 7.29 ± 0.17 8.24 66.97 ± 2.01 68.89 35.08 ± 2.56 36.82
4 2 4 5 4 7.02 ± 0.31 5.74 34.56 ± 2.42 37.38 29.84 ± 1.10 30.38
5 3 5 4 2 3.61 ± 0.17 3.41 14.60 ± 0.55 14.56 6.14 ± 0.46 8.89
6 4 1 4 5 19.93 ± 0.44 18.93 23.63 ± 0.50 25.09 25.16 ± 1.28 24.57
7 4 2 3 1 20.22 ± 0.67 20.34 27.26 ± 1.74 28.83 28.84 ± 1.38 29.35
8 1 3 3 2 16.99 ± 0.83 15.44 64.03 ± 1.28 61.73 36.47 ± 1.93 33.45
9 1 4 4 1 8.62 ± 0.18 9.55 28.36 ± 1.50 29.18 25.74 ± 0.62 25.88

10 1 5 1 4 10.33 ± 0.22 11.07 55.48 ± 2.66 55.21 10.61 ± 0.36 12.16
11 1 1 2 3 16.15 ± 0.63 14.82 72.10 ± 3.10 75.31 28.74 ± 1.26 28.79
12 1 2 5 5 15.29 ± 0.73 16.31 51.20 ± 1.59 49.31 37.95 ± 2.39 38.80
13 4 3 2 4 24.67 ± 1.09 25.72 55.37 ± 3.43 52.78 38.79 ± 2.44 42.55
14 3 4 2 5 18.96 ± 0.89 19.03 58.94 ± 2.71 61.36 35.64 ± 2.46 36.02
15 2 5 3 5 10.59 ± 0.42 9.76 34.17 ± 1.54 32.75 18.30 ± 0.93 15.54
16 2 1 1 1 6.16 ± 0.44 6.68 31.23 ± 2.28 30.49 17.03 ± 1.11 18.80
17 2 2 2 2 9.52 ± 0.70 10.75 61.52 ± 3.01 60.22 31.56 ± 2.08 31.57
18 3 3 5 1 7.12 ± 0.19 6.29 66.54 ± 3.33 65.50 37.33 ± 1.79 36.33
19 4 4 1 2 19.42 ± 0.82 18.49 26.36 ± 1.16 27.58 28.80 ± 1.01 26.93
20 4 5 5 3 12.05 ± 0.83 13.01 20.03 ± 0.54 18.79 14.30 ± 0.57 12.92

Table 3 displays the statistical parameters, second-order polynomial equations, and
coefficients (R2 > 0.97) for each model, indicating a strong fit for the developed models. The
plots comparing the actual response to the predicted response for each parameter, along
with the desirability functions, are shown in Figures S1–S3. Three-dimensional response
surface plots for TPC are depicted in Figure S4, and the remaining responses (FRAP and
DPPH) are in Figures S5 and S6. Figures S4–S6 feature six 3D surface plots, labeled A
to F. Each plot illustrates the relationships among three variables, with the x and y axes
representing different variables (X1, X2, X3, and X4), and the z-axis corresponding to the
response. The plots use a color gradient from blue (indicating low values) to red (indicating
high values) to denote the response values. Figure S4 demonstrates how the TPC changes
with various combinations of X1, X2, X3, and X4, which is beneficial for comprehending
the interactions among these variables and for optimizing conditions to attain specific
TPC levels.
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Table 3. Mathematical models utilizing RSM were applied to optimize the extraction process from
the watercress plant.

Responses Second-Order Polynomial Equations (Models) R2

Predicted
R2

Predicted
p-Value Eq.

TPC
Y = 23.16 − 19.37X1 + 11.34X2 − 2.88X3 − 1.29X4 + 3.8X1

2 −
2.28X2

2 − 0.76X3
2 + 1.08X4

2 + 0.4X1X2 + 0.88X1X3 − 0.59X1X4
+ 0.88X2X3 − 0.5X2X4 + 0.08X3X4

0.9731 0.8978 0.0053 (6)

FRAP
Y = 13.88 − 13.93X1 − 5.92X2 + 34.77X3 + 24.33X4 − 2.7X1

2 −
2.05X2

2 + 0.79X3
2 − 4.69X4

2 + 5X1X2 − 0.27X1X3 + 2.69X1X4
− 6.44X2X3 + 4.96X2X4 − 5.32X3X4

0.9901 0.9623 0.0005 (7)

DPPH
Y = −2.98 − 1.07X1 + 15.07X2 + 5.7X3 + 6.68X4 + 0.45X1

2 −
3.89X2

2 + 0.54X3
2 − 0.46X4

2 + 0.68X1X2 − 1.42X1X3 +
0.41X1X4 − 0.02X2X3 + 0.74X2X4 − 1.59X3X4

0.9662 0.8717 0.0090 (8)

3.2. Impact of Extraction Parameters on Assays as Analyzed Through Pareto Plots

An illustration of the correlation (positive or negative) of each extraction factor, in-
cluding the extraction technique, is shown in Figure 1 through the Pareto plot. Through
this visualization, the impact of each factor on the maximum recovery of the respective
bioactive compound is also perceived. In view of the data provided in Table 2, a different
extraction factor was expected for each predetermination method. Indeed, looking closely
at Figure 1, the extraction technique seems to play the most decisive role, showing a positive
correlation. This fact is fully in line with the results of Table 2, since the maximum TPC
isolation required the application of all three extraction methods, PEF + US + ST. On the
other hand, for the maximum free radical binding recovery (DPPH method), the solvent
composition seems to be the most influential factor, exhibiting even a negative correlation.
This means that neither 100% water nor 100% ethanol are the most suitable solvents; on the
contrary, an excellent balance is found at a certain concentration of ethanol, 25%.
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3.3. Optimal Extraction Conditions
3.3.1. Total Polyphenol Content of Watercress Extracts

As indicated in Tables 1 and 3, the experimentally applied optimal extraction pa-
rameters coincide with the predicted ones for maximum TPC recovery from watercress
leaves. These parameters include extractions with a combination of green and conventional
extraction techniques (PEF + US + ST), with 50% ethanolic solvent for 60 min at 65 ◦C.
This temperature is reasonable, as TPC enhancement efficiencies start to decrease at tem-
peratures above 80 ◦C due to their thermosensitive properties [34,35]. By following these
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parameters, the TPC of watercress leaves can be enhanced from 3.61 to 24.67 mg GAE/g, i.e.,
583.38%. The maximum TPC previously recorded in watercress leaves was 9.35 mg/g [2],
i.e., 163.85% less than the maximum obtained in our case. In another study evaluating water
and methanol separately as extraction solvents for watercress leaves, the results exhibited
2.31 mg GAE/g and 3.21 mg GAE/g, respectively [36]. Thus, the use of a combination
of green extraction methods with conventional liquid–solid extraction proved to be the
most suitable extraction method for obtaining the greatest amount of polyphenols from
watercress. These results are fully consistent with previous studies on plant materials. For
example, according to the research of Tan et al. [37], after optimizing the extraction parame-
ters for litchi fruit peel, the total TPC of the sample extracted with the PEF-US combination
was 2.30 times higher than that of the sample extracted with traditional extraction. Also, the
effect of the PEF-US combination as an extraction technique on almond extract resulted in
the highest concentration of total phenolics, total flavonoids, anthocyanins, and antioxidant
activity (DPPH and FRAP) [38]. These outcomes demonstrate the importance of using green
extraction techniques for unlocking the maximum bioactive value that a plant can yield and
provide a highly beneficial extract with a plethora of applications. These techniques are
“green” due to their lower energy requirements, reduced use of hazardous solvents, and
greater yields with a minimal environmental footprint. Contrary to traditional extraction
methods, which depend on high temperatures and chemical solvents, US and PEF employ
physical mechanisms to improve extraction efficacy, rendering them more sustainable and
eco-friendly.

3.3.2. Antioxidant Capacity of Watercress Extracts

Plant extracts have attracted the interest of industries and the scientific community
worldwide owing to the functional benefits offered by their antioxidant activity [39]. A
notable example is the cosmetics industry, where a plethora of cosmetics are preferred due
to their natural antioxidant ingredients. Another great example is the food industry, where
natural antioxidants [40], which are mainly derived from plant materials [39], are used as
food ingredients [41]. This is the reason the present study focused on the antioxidant activity
of watercress leaves. Regarding the results obtained by the FRAP method, by applying
appropriate extraction procedures and parameters, the antioxidant activity increased from
14.60 to 72.10 µmol ascorbic acid equivalents (AAE)/g dw, i.e., a 393.84% increase, as
shown in Table 2. These results are in perfect agreement with a previous study, where
the antioxidant activity in watercress was found to be 74.54 ± 10.81 µmol AAE/g dw [42].
According to Tables 1 and 3, ST is the most suitable for enhancing the antioxidant activity
of watercress leaf extracts. This finding may be attributed to the fact that the use of US and
PEF results in extended processing time, increasing the risk of compound oxidation [43].
Moreover, this could also be the reason only the combination of US with ST was deemed
appropriate for the maximum acquisition of antioxidant activity with DPPH, as shown in
Tables 1 and 3. By following the conditions detailed in Table 2, an increase in the DPPH
radical scavenging capacity of 556.19% can be achieved. At the same time, as shown in
Table 4, applying US and ST as an extraction technique for 30 min at 65 ◦C with 50%
ethanol solvent, a 43.98 ± 9.51 µmol AAE/g dw antioxidant capacity can be obtained,
confirming, among others, the importance of an increased ethanol concentration to enhance
the extraction efficiency [44]. Furthermore, it is of paramount importance that ethanol is
not only an easily recoverable solvent but also deemed suitable for human consumption,
making it a widely preferred choice in the food and pharmaceutical industries [45,46].
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Table 4. Optimal extraction conditions and maximum predicted responses for the dependent
variables.

Responses
Optimal Conditions

Maximum Predicted
Response

Technique
(X1)

C (%, v/v)
(X2)

t (min)
(X3)

T (◦C)
(X4)

TPC (mg GAE/g dw) 25.72 ± 3.59 PEF + US + ST (4) 50 (3) 60 (2) 65 (4)
FRAP (µmol AAE/g dw) 79.82 ± 6.48 ST (1) 25 (2) 90 (3) 50 (3)
DPPH (µmol AAE/g dw) 43.98 ± 9.51 US + ST (3) 50 (3) 30 (1) 65 (4)

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

Principal component analysis (PCA) is a valuable statistical tool, as it enables the
simplification of complex data sets. Three technical PCA iterations were performed to
ensure the validity of the results. The three different tested variables, TPC, FRAP, and
DPPH, in watercress leaf extract displayed a positive correlation, as shown in Figure 2.
The variable X4, temperature, also exhibits a positive correlation. These data are perfectly
reasonable since, as described in Table 4, higher temperatures (up to 65 ◦C) seem to benefit
the enhancement of the TPC, FRAP, and DPPH variables. In addition, the extraction
technique was found to play the greatest role among the different extraction parameters.
As found in Tables 1 and 3, different techniques and combinations of techniques appeared
to strongly favor extraction for the amplification of each of the TPC, FRAP, and DPPH
variables. This is the reason that, in Table 5, the different variables present low correlations
with each other (with a peak correlation value of 1).
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Table 5. Multivariate correlation analysis among the measured variables.

Responses TPC FRAP DPPH

TPC - 0.0810 0.4385
FRAP - 0.6179
DPPH -

3.5. Partial Least Squares (PLS) Analysis

A partial least squares (PLS) model was applied in order to determine and propose
an optimal extraction mode for the maximum recovery of the total polyphenols and
antioxidant activity, as illustrated in the correlation loading plot depicted in Figure 3A
and the variable importance plot (VIP) option graphs, where values for each predictor
variable are shown in Figure 3B. Considering the concentration of ethanol as a solvent and
the extraction technique as the main extraction factors (Figure 3B), the optimum enhanced
values were obtained by applying all extraction techniques, (PEF, US, and ST), with 50%
ethanolic solvent for the shortest extraction time, 30 min, at the maximum temperature of
80 ◦C, as also exhibited in Table 6.
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0.8 mark on the VIT indicates the significance level for each variable.

Table 6. The maximum desirability under the optimal extraction conditions (X1: 4, X2: 3, X3: 1, and
X4: 5) for all variables using the partial least squares (PLS) prediction profiler.

Variables PLS Model Values Experimental Values

TPC (mg GAE/g dw) 29.59 28.82 ± 1.59
FRAP (µmol AAE/g dw) 58.27 57.15 ± 3.31
DPPH (µmol AAE/g dw) 48.25 47.55 ± 2.90

The high determination coefficient (R2) of 0.9659 and the strong correlation coefficient
of 0.9828 show that the experimental data and the predictions from the PLS model are
in high agreement. Additionally, a p-value of less than 0.0001 indicates that there was
no statistically significant difference in the variations between the experimental and PLS
model (predicted) values.
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Adopting the optimal extraction conditions, individual polyphenolic compounds con-
tained in the optimum watercress leaf extracts were analyzed by HPLC-DAD. In accordance
with previous research, some of the polyphenolic compounds contained in watercress are
chlorogenic acid, caffeic acid, rutin, ferulic acid, apigenin, p-coumaric acid, quercetin, and
kaempferol [36,47]. Substantial quantities of these compounds were also detected in the
present investigation, as shown in Table 7. Figure 4 graphically illustrates an exemplary
chromatogram. Despite the challenges in separation, the quantification of polyphenols in
the chromatogram was reliably determined by the peak area and resolution. The methodol-
ogy employed was robust, ensuring accurate analysis of the polyphenolic content, even in
cases of suboptimal chromatographic separation. The most abundant polyphenolic com-
pounds present in the optimized extract of watercress were rosmarinic acid and chlorogenic
acid, with rutin and apigenin following. Rosmarinic acid is primarily detected in plants of
the Lamiaceae family; however, in the present study, it was revealed that it may also be
found in plants of the Brassicaceae family [48]. Rosmarinic acid is well known for its anti-
cancer and antioxidant properties, as it is utilized to mitigate the risk of various cancers by
preventing cellular damage caused by free radicals [49]. Although the extracts of watercress
leaves revealed high antioxidant activity through the DPPH method, no strong correlation
between the variables TPC and DPPH was detected. Chlorogenic acid is a natural polyphe-
nolic acid compound displaying remarkable properties according to experiments carried
out in mice. In particular, there is evidence that it potentiates osteogenic differentiation
of human dental pulp stem cells and promotes the proliferation of intestinal stem cells
and epithelial regeneration [50]. At the same time, rutin has been shown to have excellent
medicinal properties, since it is indicated for the treatment of various heart diseases [51].
Lastly, apigenin also exhibits remarkable therapeutic properties. Depending on the dosage,
apigenin offers muscle relaxation and sedation [52]. Additionally, it could represent a new
tool for delaying the onset of Alzheimer’s disease or slowing its progression [53]. Taking
everything into account, a beneficial extract can be produced from the watercress leaves,
with a multitude of health-promoting properties.

Table 7. The polyphenolic compounds under the optimal extraction conditions (X1: 4, X2: 3, X3: 1,
and X4: 5). The percentages (%) of total identified polyphenols in watercress plant are also displayed.

A/A Polyphenolic Compound Optimal Extract
(mg/g dw) Quantity (%)

1. Chlorogenic acid 3.13 ± 0.23 17.1
2. Caffeic acid 0.17 ± 0.01 1.0
3. Syringic acid 0.16 ± 0.01 0.9
4. p-Coumaric acid 0.55 ± 0.04 3.0
5. Ferulic acid 0.19 ± 0.01 1.0
6. Rutin 2.54 ± 0.18 13.9
7. Quercetin 3-β-D-glucoside 0.95 ± 0.03 5.2
8. Luteolin-7-glucoside 1.37 ± 0.10 7.5
9. Narirutin 0.96 ± 0.05 5.3
10. Kaempferol-3-glucoside 1.72 ± 0.04 9.4
11. Apigenin-7-O-glucoside 2.55 ± 0.13 13.9
12. Myricetin 0.59 ± 0.04 3.2
13. Rosmarinic acid 3.42 ± 0.09 18.7

Total identified 18.3 ± 0.97
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Figure 4. Exemplary HPLC chromatogram at 320 nm of optimal extract of watercress demonstrat-
ing identified polyphenolic compounds. (1) Chlorogenic acid; (2) caffeic acid; (3) syringic acid;
(4) p-coumaric acid; (5) ferulic acid; (6) rutin; (7) quercetin 3-β-D-glucoside; (8) luteolin-7-glucoside;
(9) narirutin; (10) kaempferol-3-glucoside; (11) apigenin-7-O-glucoside; (12) myricetin; (13) ros-
marinic acid.

4. Conclusions

In conclusion, this study highlights the effectiveness and value of optimizing the
extraction parameters for plant materials with limited bioactive compounds, such as water-
cress leaves. Utilizing RSM and PLS, this research comprehensively assessed the impact
of the extraction temperature, time, solvent composition, and different extraction tech-
niques (PEF, US, and ST). Green extraction methods, when used with an ethanolic solvent,
continue to prove their vital importance in improving extraction efficiency. For instance,
the TPC of watercress leaves can be increased by 583.38%. Moreover, the combination of
PEF, US, and ST techniques, with 50% ethanolic solvent at 80 ◦C for 30 min, significantly
improved the extraction process, yielding great results for TPC (29.59 mg GAE/g dw),
FRAP (58.27 µmol AAE/g dw), and DPPH (48.25 µmol AAE/g dw). Under these optimized
conditions, the extracts also exhibited a rich profile of bioactive compounds, including
significant polyphenolic compounds with remarkable medicinal properties, and demon-
strated substantial antioxidant activity. This confirms the potential of the extracts as a
valuable source of antioxidants. This research emphasizes the efficacy of using combined
green extraction methods to enhance the polyphenol content extracted from watercress
leaves, providing promising avenues for the development of high-value-added products
with enhanced bioactivity, given that the watercress plant already provides a wealth of
other essential nutrients.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app142210739/s1, Figures S1–S3 comprise the plots for TPC, FRAP,
and DPPH that illustrate the comparison between the actual response and the predicted response for
each parameter under examination, accompanied by the desirability functions. Figures S4–S6 present
the 3D response plots for the responses (TPC, FRAP and DPPH).

https://www.mdpi.com/article/10.3390/app142210739/s1
https://www.mdpi.com/article/10.3390/app142210739/s1
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