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Abstract: Phenylethyl isothiocyanate (PEITC) was reported as a useful antioxidant, anti-inflammatory,
and chemopreventive agent. Due to technological and stability issues, it is necessary to be able to
extract PEITC from its natural matrix (watercress) through sustainable and scalable methodologies.
In this article, we explored, for the first time, the extractive capacity of aqueous micellar systems
(AMSs) of two non-ionic surfactants. For this, we compared the AMSs with conventional organic
solvents. Furthermore, we developed and optimised a new integral PEITC production and extraction
process by a multifactorial experimental design. Finally, we analysed the antioxidant capacity by the
oxygen radical absorbance capacity (ORAC) and ABTS methods. As results, the AMSs were able to
extract PEITC at the same level as the tested conventional solvents. In addition, we optimised by
response surface methodology the integrated process (2.0% m/m, 25.0 °C, pH 9.0), which was equally
effective (ca. 2900 pg PEITC/g watercress), regardless of the surfactant used. The optimal extracts
showed greater antioxidant capacity than pure PEITC, due to other antioxidant compounds extracted
in the process. In conclusion, by the present work, we developed an innovative cost-effective and low
environmental impact process for obtaining PEITC extracts from watercress by-products.

Keywords: phenylethyl isothiocyanate (PEITC); aqueous micellar systems; aliphatic alcohol
ethoxylates; watercress by-products; response surface methodology; optimisation; antioxidant
activity; Gastrocure

1. Introduction

Some cruciferous plants are classed as “superfood”, because they may have beneficial effects
in the treatment and prevention of several health disorders. This property is ascribed to their
complex nutritional and phytochemical profile, which includes high concentrations of carotenoids,
flavonoids, phenolic acids, and isothiocyanates [1]. Isothiocyanates are one of the hydrolysis products
of glucosinolates (a class of sulphured secondary metabolites from the botanical order Brassicales) by
the enzyme myrosinase [2,3]. In the intact plant, myrosinase is stored separately from glucosinolates;
when the plant tissue is damaged (by chopping or chewing), the enzyme contacts with glucosinolates
and catalyses the lysis [3,4]: the reaction produces indoles, nitriles, thiocyanates, or isothiocyanates.
Glucosinolates are water-soluble and stable compounds, but isothiocyanates are hydrophobic and very
reactive compounds.
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Among the aforementioned superfoods, watercress (Nasturtium officinale—WC) is the richest
known source of the gluconasturtiin (phenylethyl glucosinolate) derived phenylethyl isothiocyanate
(PEITC) [5]. PEITC—one of the most interesting isothiocyanates—is a useful antioxidant, antimicrobial,
and cancer chemo-preventive agent [3,4,6]. Unfortunately, direct consumption of WC does not ensure
the amount and bioaccessibility of PEITC, since, from a biological point of view, the formation of
PEITC is easily affected by various factors such as temperature, pH, and presence of additives [3,7,8].
Besides that, from a food-technological point of view, myrosinase is susceptible to heat and can be
inactivated during the cooking process, inhibiting the hydrolysis of glucosinolates [7].

Therefore, the production and extraction of PEITC from WC discards may represent an opportunity
to extract it in a stable and bioactive form taking advantage of an important by-product, generating great
value. In that sense, the reported work is scarce and, even more, the existent studies are not
using a sustainable approach [9-11]. The applied methodologies, in general, are analytical and use
polluting organic solvents that are unfeasible at the industrial level. The few works with sustainable
methodologies apply more complex techniques and expensive, and not easily scalable [9,12,13]:
microwave-assisted ethanol extraction, supercritical fluids.

In recent decades, a wide range of new non-toxic, non-flammable, and biodegradable solvents
have been evaluated to develop environmentally friendly and sustainable extraction methods [14].
Among them, certain surfactants have the mentioned properties, which represent an economic
alternative to expensive and dangerous organic solvents. Non-ionic surfactants represent an important
class of amphiphiles, which find wide applications in pharmaceutical and industrial formulations, and
are widely used in the extraction process and purification of compounds of biological origin [15-18].
Asindicated by Katsoyannos et al. [18], micellar systems using non-toxic surfactants (non-ionic, without
branched aliphatic chains or aromatic moieties) are suitable for the isolation of natural antioxidants,
which can then be used in dietary applications. Among non-ionic surfactants, polyethoxylates are
the most numerous and technically interesting [15], standing out for their widespread use Triton
(X-100 and X-114), Brij (—30, =56 and —97), Genapol (X-080), and to a lesser extent, the Tergitols
(15-5-X), among others [19-23]. Genapol X-080 is a structured non-ionic surfactant of the ethoxylated
primary aliphatic alcohols type, with a hydrophobic chain of 12 alkyls and 8 oxyethylene groups
(OEs) in its hydrophilic region. For their part, the non-ionic surfactants Tergitol 15-5-7 are a mixture
of ethoxylated secondary aliphatic alcohols with 11-15 carbons in the hydrophobic alkyl chain and
with an average number of OEs of 7.3 as hydrophilic head. Both Genapol X-080 and Tergitol 15-S-7
are biodegradable and non-toxic. Furthermore, they have the quality of being transparent in the
UV 240-280 nm region, facilitating the monitoring of purification processes of aromatic molecules
or with conjugated double bonds that adsorb in that spectral zone. The micelles present in colloidal
dispersions (aqueous micellar systems—AMSs) of these surfactants can interact with hydrophilic
or hydrophobic molecules through different types of interactions, creating conditions for separate
purposes [24]. Previously, we have developed and optimised extractive processes with AMSs to recover
low polar compounds, obtaining high yields [19,25,26]. Currently, there is no study on AMSs for the
extraction of PEITC, or any isothiocyanate, which opens the doors for an interesting analysis.

In this framework, we carried out a study to apply AMSs to produce extracts enriched with PEITC,
developing a profitable process with low environmental impact. As a road map, we pose the following
questions: Are Genapol X-080 and Tergitol 15-S-7 AMSs suitable for PEITC extractants, comparable to
currently used solvents? What are the variables that most affect the extractive process of PEITC with
AMSs? What are the optimal conditions that maximize PEITC extraction?

2. Materials and Methods

2.1. Materials

The surfactants Genapol X-080 (GX080) and Tergitol 15-S-7 (Tg7) were supplied from Sigma-Aldrich
(St. Louis, MO, USA). Methanol, acetonitrile (ACN), chloroform (CF), and n-hexane were of HPLC
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grade. All the reagents were used as received without further purification. PEITC standard (Santa Cruz
Biotechnology, Inc., Dallas, TX, USA) were dissolved in pure methanol until obtaining 22-660 pg/mL.
All the other reagents were of analytical grade and used without further purification. Ultrapure water
was used to prepare all the solutions.

Fresh WC by-products (discards from the washing process and selection of plant material for
direct consumption) was kindly supplied by the food processing company Vitacress Portugal SA
(Odemira, Portugal). When received, WC was dehydrated in a dryer at 50 °C for 24 h [11] and then
pulverized and stored in a hermetic container.

2.2. Extraction Procedures

An exploratory analysis of the efficacy of different solvents to extract PEITC was performed;
1.00 g of the pulverized WC was suspended in 15 mL of 25 mM phosphate buffer pH 7.0 for 2 h at
37 °C to allow the hydrolysis of the glucosinolates [10]. Then, 0.15 g of surfactant (Genapol X-080,
Tergitol 15-S-7), or 5 mL of n-hexane, or 5 mL of ACN/CF 10/7 mixture was added. The heterogeneous
matrix—solvent systems were mixed vigorously for 10 min at a constant temperature (37.0 °C) and then
centrifuged in Eppendorf tubes at 5000 rpm for 10 min. The whole supernatant (in case of SMAs) or the
organic phase (in case of aqueous/organic solvent systems) were separated for analytical evaluation.

2.3. Optimisation of PEITC Extraction with AMSs

An integrative process to produce and extract PEITC was developed and optimised. To do this,
an experimental strategy was implemented to reduce the number of experiments necessary to optimise
the process, as well as to establish the most influential factors. For this purpose, a Box-Behnken design
was selected, which is a type of 3-level response surface design that includes a subset of runs of a full
factorial at three levels. The factors evaluated were surfactant concentration (X, ), temperature (Xg),
and pH value (X¢) and the selected response variable (Y) was the PEITC content, as above. The design
resulted in an arrangement of 15 treatments, which was executed in triplicate (a total of 45 runs) on
successive days. The levels of the factors, coded as —1 (low), 0 (central point), and +1 (high), are shown
in Table 1. To carry out the experiments, we proceeded as described above, with the difference that
instead of incubating only in the buffer, it was incubated in AMS. The AMSs for the different pH
values were prepared in citrate buffer for pH 5.0, phosphate buffer for pH 7.0, and tris buffer for
pH 9.0. After incubation, the extracts were filtered with 0.45-micron filters and stored at —20 °C for
further analysis.

Table 1. Levels for 3 experimental factors.

Levels
Factors
-1 0 +1
Xal 0.50 1.25 2.00
Xg 2 25.0 37.5 50.0
Xc 3 5.0 7.0 9.0

1 Surfactant concentration expressed as % m/m, 2 temperature expressed as °C, and 3 pH value.

2.4. PEIT Chromatographic Analysis

PEITC extracts were diluted and analysed by high-performance liquid chromatography
(HPLC-DAD). The separation was carried out by applying the operating conditions described by
Fusari, Ramirez, and Camargo [10], with slight modifications. Briefly, the operating conditions were
as follows: gradient elution starts at 50% mobile phase A (ultra-pure water + 0.1% formic acid) and
50% mobile phase B (methanol + 0.1% formic acid), with a phase B increment up to 80% for 20 min,
remaining isocratic for 10 min, and returning to 50% of phase B the next 5 min, at a continuous flow
of 0.80 mL/min. The procedure was performed in a reversed-phase column coupled with a guard
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column containing the same stationary phase (COSMOSIL 5C18-AR-II Packed Column —4.6 mm
ID. x 250 mm). The separation analysis was performed using a Waters e2695 separation module
system interfaced with a photodiode array UV/Vis detector (PDA 190-600 nm). The identification of
the WC PEITC peak was made by comparing the retention time and the absorption spectrum with the
corresponding to a commercial standard. The quantification was carried out by integrating the peak
area with external standardization.

2.5. Antioxidant Activity

Oxygen radical absorbance capacity (ORAC) assay was performed following the methodology
used by Coscueta et al. [27], with some modifications. The reaction was carried out in 75 mM phosphate
buffer (pH 7.4), and the final reaction mixture was 200 pL. Antioxidant (20 pL) and fluorescein (120 pL;
70 nM, final concentration in well) solutions were placed in the well of the microplate. A blank
(fluorescein + AAPH) using phosphate buffer instead of the antioxidant solution and eight calibration
solutions using Trolox (1-8 uM, final concentration in well) as antioxidant were also carried out
in each assay. The mixture was preincubated for 10 min at 37 °C. AAPH solution (60 uL; 12 mM,
final concentration in well) was added rapidly. The microplate was immediately placed in the reader
and the fluorescence recorded at intervals of 1 min during 80 min. This assay was performed with
a multidetection plate reader (Synergy H1, Vermont, USA) controlled by the Gen5 Biotek software
version 3.04. The excitation wavelength was set at 485 nm and the emission wavelength at 528 nm.
The microplate was automatically shaken before each reading. Black polystyrene 96-well microplates
(Nunc, Denmark) were used. AAPH and Trolox solutions were prepared daily and fluorescein was
diluted from a stock solution (1.17 mM) in the same phosphate buffer. Antioxidant curves (fluorescence
versus time) were first normalized to the curve of the blank corresponding to the same assay by
multiplying original data by the factor fluorescencepani t=o/fluorescence ontrol t=0. From the normalized
curves, the area under the fluorescence decay curve (AUC) was calculated according to the trapezoidal
method. The final AUC values were calculated by subtracting the AUC of the blank from all the results.
Regression equations between net AUC and antioxidant concentration were calculated. Final ORAC
values were expressed as umol TE (Trolox equivalent)/mg PEITC.

ABTS scavenging assay was performed in a 96-well microplate, following the method described
by Gongalves et al. [28] with some modifications. Briefly, ABTS radical cation (ABTS**) was produced
from the reaction of 7 mM 2,20-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
and 2.45 mM potassium persulfate (both from Sigma-Aldrich, St. Louis, MO, USA) after incubation at
room temperature in the dark for 16 h. For ABTS®** working solution (freshly prepared), the ABTS®**
was filtered with a 0.45 pm syringe filter and diluted with the solvent to an absorbance of 0.70 + 0.02 at
734 nm for the control (20 uL solvent + 180 uL. ABTS** working solution). To 20 uL of sample or Trolox
(25-175 uM) or solvent was added 180 uL of ABTS** working solution. The mixture was incubated
for 5 min at 30 °C, and the absorbance at 734 nm was measured with a multidetection plate reader
(Synergy H1, Vermont, USA) controlled by the Gen5 Biotek software version 3.04. The scavenging
activity was expressed as % reduction in absorbance for the control. Regression equations between
net ABTS scavenging and Trolox concentration were calculated and the results expressed as umol TE
(Trolox equivalent)/mg PEITC.

2.6. Statistical Analysis

Each experiment was performed in triplicate and the results were expressed as the mean values
with standard deviations (SD). The major statistical analysis was carried out with the aid of RStudio
V1.2.1335.

Comparison of extraction efficiency: The mean PEITC values were analysed statistically by
one-way analysis of variance (ANOVA) followed by the Tukey’s posthoc test [29,30]. Separation of
means was conducted by the least significant difference at the 5% probability level.
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Optimisation: The response values (Y), i.e., the PEITC in the supernatants from each treatment,
were fitted to the following polynomial quadratic model:

Y = Bo+ BaXa+ BpXp + BcXc + BaaXi + BasXaXp + BacXaXc + BppX5 + BpcXpXc + o Xz +¢ (1)

where X4 and Xp are the coded levels of the independent variables mentioned above; 3o, i, Bi1,
and B;; are the regression coefficients for the independent term, the linear, quadratic, and binary
interaction effects, respectively; and ¢, the residual error [25,31]. The surface and contour graphs of the
responses were generated from this model.

3. Results

3.1. Liquid-Liquid Extraction: Comparison of Extractants

In the extraction of isothiocyanates, liquid-liquid extraction is generally applied. The highly
water-soluble glucosinolates are hydrolysed in the aqueous medium by myrosinase, producing the
isothiocyanates. The highly hydrophobic isothiocyanates were extracted from the aqueous medium by
an immiscible solvent (phase separation) or by decreasing polarity with a less polar miscible solvent.
We tested a set of different solvent systems as PEITC extractants; we compared AMSs of two aliphatic
alcohol ethoxylates (Genapol X-080 and Tergitol 15-5-7) with conventional organic solvents (Table 2).
Systems with Tergitol 15-S5-7 and ACN/CF did not differ significantly from n-hexane, while the AMS of
Genapol X-080 extracted slightly less (Table 2).

Table 2. Comparison of extractants.

Extractant Conc. (ug/g WC DB)
Genapol X-080 1168 + 187 2
Tergitol 15-S-7 1287 + 83 2P
WC extracts n-hexane 1682 + 156 P
ACN/CF 1270 + 169 &P

ab Values of the same column that share superscript do not present a significant difference, given the analysis of
their variances (ANOVA) with the Tukey test for a level of significance of 0.05.

3.2. Optimised PEITC Extraction

After corroborating the extractive efficacy of the studied AMSs, we decided to develop an integrated
and optimal process for the production and extraction of PEITC. To do this, we applied the conditions
to produce autolysis directly in the AMS. After the incubation time, it was only necessary to separate
the remaining solid material by filtration.

According to literature, many variables affect the extraction process of a given substance from
a solid matrix, i.e., temperature, extraction time, pH, the particle size of the solid, stirring rate,
and extractant concentration [32]. In this case, we decided simultaneously to optimise autolysis
and extraction based on the surfactant concentration, incubation temperature, and pH. The time
remained constant, since it has already been reported as ideal for 2 h [10]. Considering this, we selected
an experimental design of the Box-Behnken type (described in Section 2.3). We selected the maximum
and minimum values for the evaluated factors according to our knowledge of the systems.

Table 3 shows the design matrix and the multiple regression results obtained for the 15 randomized
treatments, both for Genapol X-080 and for Tergitol 15-S-7. Figure 1 shows that the effects were equally
significant among the surfactants. In this sense, the linear effects of pH and surfactant concentration
were significant and proportional to the PEITC obtained. On the other hand, the linear effect of
temperature was the third most significant effect, but with an inverse contribution to the PEITC content.
Furthermore, the linear interaction between the factors was significant for both surfactants.
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Table 3. Box-Behnken factorial design for 3 factors and one response, for Genapol X-080 and Tergitol

15-S-7 AMSs.
Factors Response *
Run Y (ug PEITC/g WC DB)
XA1 XB2 XC3
Genapol X-080  Tergitol 15-S-7
1 1.25 50.0 5.0 641 + 102 590 + 68
2 0.50 37.5 5.0 654 + 69 798 + 86
3 2.00 37.5 9.0 2552 + 247 2842 + 229
4 1.25 37.5 7.0 1450 + 175 1669 + 173
5 0.50 37.5 9.0 1168 + 122 1346 + 97
6 1.25 50.0 9.0 939 £ 79 1090 + 63
7 1.25 25.0 9.0 2235 + 149 2102 + 156
8 1.25 37.5 7.0 1640 + 181 1760 + 163
9 0.50 25.0 7.0 852 £ 70 891 + 65
10 2.00 25.0 7.0 2346 + 169 2441 + 185
11 2.00 50.0 7.0 940 + 111 932 + 96
12 2.00 375 5.0 988 + 144 971 + 85
13 1.25 25.0 5.0 838 + 68 824 + 84
14 0.50 50.0 7.0 748 + 69 887 =70
15 1.25 375 7.0 1593 + 142 1722 + 103

* Values expressed as mean + SD of three replicates.

0 3 6 9 12 15 18

Standardized effect Standardized effect

Figure 1. Analysis of the effects of the Box-Behnken factorial design. Pareto charts with standardized
effects of three experimental factors, in decreasing order of importance (in absolute value) for the
phenylethyl isothiocyanate (PEITC) content response. Genapol X-080 (A) and Tergitol 15-S-7 (B) aqueous
micellar systems (AMSs). The vertical red lines represent the threshold of significance (p = 0.05) for
32 degrees of freedom.

Then, we recalculated the models, by eliminating the non-significant effect (Xi), with the criterion
of maximizing the Rzadj, fitting again from the multiple regression of the data. Table 4 shows the
parameters of the final models, including the obtained regression statistics: lack of fit, R?, Rzadj,
and RSD. The new models adequately explain the variation in the response, with a maximum Rzadj.
Figure 2 shows the response surfaces of the final models, expressing the response as a function of the
factors considered for each surfactant.
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Table 4. Better estimates of the coefficients of each term in the model and the corresponding statistics.

Estimated Coefficient Values

Coefficient -
Genapol X-080 Tergitol 15-S-7
Bo —-6605.12 -7396.17
Ba 645.722 504.556
B 211.279 259.502
Be 895.638 903.736
BaB —34.7289 —40.1244
Bac 174.833 220.611
BB -1.61313 —2.432
BB,C -10.99 -7.79
Bcc —-33.3045 —44.6458
Statistics
Lack of fit 1 0.351 0.082
R? 0.943 0.953
R%,q 0.930 0.943
RSD 167 150

1 Lack of fit test expressed in its test value (P).

&
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Figure 2. Response surface models for the response estimated based on two experimental factors
keeping the third factor at its central level. Charts for Genapol X-080 (A—C) and Tergitol 15-S-7 (D-F).

Looking at the response surfaces, we saw the increments in surfactant concentration and pH led
to increments of the response for both surfactants. However, the temperature, with a more marked
curvature for Tergitol 15-S-7, maximizes the response to intermediate values, but close to the lower
level (-1), 25 °C. The fitted models predicted maximum PEITC values of 3199 + 338 pg PEITC/g
WC DB and 3306 + 312 pg PEITC/g WC DB, respectively, for Genapol X-080 and Tergitol 15-S-7.
The optimal condition to apply in the process with the AMSs would be 2.0% m/m at 25.0 °C and a pH
value of 9.0 for both surfactants. As shown by the extractant comparison, in the optimal conditions of
the process developed for the AMSs, the predicted PEITC values are not different between Genapol
X-080 and Tergitol 15-S-7, similarly to what we reported for the extraction of soy isoflavones [25].

Then, we applied the said optimal condition to validate both models. Thus, we obtained PEITC values
of 2887 ug PEITC/g WC DB with Genapol X-080 and 2971 pg PEITC/g WC DB with Tergitol 15-5-7,

values that, although they were close to the lower limit of the predicted confidence interval, were still
within the prediction.
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3.3. Antioxidant Activity

We analysed the antioxidant activity of the optimised extracts, using the ORAC and ABTS
methodologies. Table 5 shows the results obtained, indicating a clear difference between the antioxidant
activity of the extracts with the AMSs and the pure PEITC.

Table 5. Antioxidant activity by oxygen radical absorbance capacity (ORAC) and ABTS.

Sample ORAC (umol TE/mg PEITC) ABTS (umol TE/mg PEITC)
PEITC 1.9+0.7 1.1+02

AMS11? 1349 +4.02 86.4+3.82

AMS2 2 1233 +£5.12 81.2+267

! Extract in optimised conditions for Genapol X-080 AMS. 2 Extract in optimised conditions for Tergitol 15-S-7 AMS.
2 Values of the same column that share superscript does not present a significant difference, given the analysis of
their variances (ANOVA) with the Tukey test for a level of significance of 0.05.

4. Discussion

The use of conventional extraction with n-hexane has led to obtaining an amount of PEITC
(Table 2) almost half of that reported by Rodrigues et al. (3346 ug PEITC/g WC DB) under similar
conditions [12]. Farhana et al., reported higher levels, but not distant values (ca. 2300 pg/g WC DB),
using dichloromethane as an extractant under similar conditions [7]. The production of isothiocyanates
can vary, depending on the conditions to which the plant is subjected, more specifically, the temperature
and pH value to which the reaction occurs. Besides that, the production also depends on the plant
species and age, as well as other factors such as place of cultivation, climatic conditions, storage,
and processing [4]. Considering this, more than in extraction, the difference lies in the production of
PEITC itself. The use of the ACN/CF mixture, as an extractant in dispersive liquid-liquid microextraction
(DLLME) technique, was developed and validated by Fusari et al. [10] to determine the content of
isothiocyanates in Brassicaceae vegetables. Taking these two methodologies as references, we can
assert the efficacy of the analysed AMSs as PEITC extractants.

Nevertheless, we asked the question: Why are these AMSs so effective as organic solvents
in extracting a hydrophobic molecule like PEITC? Genapol X-080 and Tergitol 15-S-7 have high
effectiveness in interacting with low polar molecules in plant matrices. This appears to be closely
related to the amphiphilic character of these surfactants and its ability to form micelles that can
interact with hydrophobic groups of PEITC molecule. As previously discussed, it should be noticed
that Genapol X-080 and Tergitol 15-S-7 have critical micellar concentrations (CMCs) of 4.6 1073 and
3.9 1073% m/m, respectively [25]. The concentrations applied in our study were higher than those
CMCs. Then, by working on a concentration above the CMC, we provide a favourable environment
(micelle) for the dispersion of PEITC in the aqueous solution.

Concerning the factors that affect the extractive process, Farhana, et al., with a one-factor approach,
also observed similar effects of pH and temperature on PEITC production [7]. In that study, they
reported that myrosinase activity did not vary between 25 °C and 45 °C, decreasing slightly towards
65 °C. Regarding the pH, the enzymatic activity remained stable between pH 7.0 and 9.0, while, below
7.0, it decreased slightly. However, to produce PEITC, they found more marked behaviours than on
enzymatic activity. They established that, at acidic pH, nitrile production is more favoured and therefore
PEITC production decreases. However, from their univariate approach, they failed to reliably explain
the variability that was not explained by the enzymatic activity of myrosinase. The authors concluded
that the higher the activity of the enzyme, the greater the production of PEITC, this being optimal at
mild temperatures (ca. 25 °C) and a pH value between neutral to slightly alkaline. Furthermore, they
obtained a maximum PEITC production of 5611 pg PEITC/g WC DB in conditions like those predicted
as optimal by our polynomial models.

At this point, it is important to mention the appropriateness of using solid statistical tools in the
optimisation process. Biological matrices are complex systems strongly affected by different variables
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and their interactions, making it practically unfeasible to predict accurate behaviours based on the classic
one-factor method (one variable at a time). Both multifactorial models indicate a maximisation towards
one of the vertices of the design, leaving us the mystery of what could happen in conditions beyond
that vertex, that is, at factor levels beyond those analysed. However, within the tested conditions,
we can talk about an interesting scenario: these predictions of a unified condition, with similar results,
provide the desired scenario of flexible technology, applicable more generally and not restricted to
a particular surfactant.

Regarding antioxidant activity, the differences between the pure PEITC and the extracts
may be due to the other phytochemicals that the AMSs were able to extract, such as phenolic
compounds [19,25]. Rodrigues et al. carried out pressurized fluid extraction in watercress and reported
a relationship between the extractive increase of phenolic compounds and the antioxidant activity
(ORAC) independent of the PEITC content [12]. Now, this does not mean that PEITC does not have
antioxidant capacity. PEITC has been reported as an antioxidant compound, but not by direct action on
radicals, but by reducing the reactive oxygen species (ROS) load, being an important inducer/enhancer
of antioxidant/detoxification enzymes [33-35]. Besides, PEITC may act simultaneously as an oxidant,
since it has a high capacity to generate ROS and induce oxidative damage in tumour cells, which makes
PEITC “selective” for this cell type [33,36,37]. Thus, the extracts produced have the advantage of
providing an antioxidant action through different routes, synergistically combining the properties of
PEITC and phenolic compounds.

5. Conclusions

Although there has been a growing interest in isothiocyanates in recent years, the information
available is still scarce. There is practically no solid base of work with a technological focus and still less
for the PEITC. Therefore, considering the potential of this compound and the technological relevance it
may have soon, an exploratory study of scalable green methodologies for its production and extraction
is of high impact.

In the present study, we report the development of a methodology to extract PEITC by applying
cost-effective and low environmental impact systems, reaching the extractive capacity of classical
organic solvents. Thus, our exploratory and optimisation work—with robust statistical tools—allows
us to contribute with an innovative precedent in the state of the art.

The flexibility of selection of different surfactants (biodegradable, non-flammable, and non-toxic)
for PEITC extraction with similar results, as well as the possibility of substituting organic solvents
in large-scale extraction procedures, make these AMSs suitable for industrial production of PEITC
from WC.

As a final consideration, the extracts obtained resulted in an interesting antioxidant product,
which may synergistically combine different mechanisms of direct and cellular action against harmful
oxidative states. However, this must be studied in greater depth and validated by other methodologies.

Author Contributions: Conceptualization, E.R.C., C.A.R., and M.P,; methodology, E.R.C. and M.P,; software,
E.R.C.; validation, E.R.C.; formal analysis, E.R.C. and M.P,; investigation, E.R.C. and M.P,; resources, M.P;
writing—original draft preparation, E.R.C.; writing—review and editing, E.R.C., C.A.R,, and M.P; supervision,
M.P,; project administration, C.A.R. and M.P,; funding acquisition, C.A.R. and M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research and the APC were funded by Foundation for Science and Technology
(FCT) and for Competitiveness and Internationalization Operational Program through the project n°
032094“GastroCure—Bioactive Soybean and Cruciferous extracts towards application in gastrointestinal disorders:
development, characterization and delivery”.

Acknowledgments: The authors acknowledge Vitacress Portugal SA for supplying watercress used for
the experiments.

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



Antioxidants 2020, 9, 698 10 of 11

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Voutsina, N.; Payne, A.C.; Hancock, R.D.; Clarkson, G.].J.; Rothwell, S.D.; Chapman, M.A.; Taylor, G.
Characterization of the watercress (Nasturtium officinale R. Br.; Brassicaceae) transcriptome using RNASeq
and identification of candidate genes for important phytonutrient traits linked to human health. BMC Genom.
2016, 17, 378. [CrossRef]

Blazevi¢, I.; Montaut, S.; Burcul, F; Rollin, P. Glucosinolates: Novel Sources and Biological Potential.
In Glucosinolates; Springer International Publishing: Berlin/Heidelberg, Germany, 2015; Volume 1, pp. 1-58.
Romeo, L.; Iori, R,; Rollin, P.; Bramanti, P.; Mazzon, E. Isothiocyanates: An Overview of Their Antimicrobial
Activity against Human Infections. Molecules 2018, 23, 624. [CrossRef]

Mitsiogianni, M.; Koutsidis, G.; Mavroudis, N.; Trafalis, D.T.; Botaitis, S.; Franco, R.; Zoumpourlis, V.;
Amery, T,; Galanis, A.; Pappa, A.; et al. The Role of Isothiocyanates as Cancer Chemo-Preventive,
Chemo-Therapeutic and Anti-Melanoma Agents. Antioxidants 2019, 8, 106. [CrossRef]

Giallourou, N.S.; Rowland, LR.; Rothwell, S.D.; Packham, G.; Commane, D.M.; Swann, ].R. Metabolic targets
of watercress and PEITC in MCF-7 and MCF-10A cells explain differential sensitisation responses to ionising
radiation. Eur. . Nutr. 2019, 58, 2377-2391. [CrossRef] [PubMed]

Herr, I.; Lozanovski, V.; Houben, P.; Schemmer, P.; Biichler, M.W. Sulforaphane and related mustard oils
in focus of cancer prevention and therapy. Wien. Med. Wochenschr. 2013, 163, 80-88. [CrossRef] [PubMed]
Farhana, N.; Aripin, B.; Surugau, N. Effects of Temperature and pH on Myrosinase Activity and
Gluconasturtiin Hydrolysis Products in Watercress. Trans. Sci. Technol. 2016, 3, 449-454.

Van Eylen, D.; Oey, I.; Hendrickx, M.; Loey, A. Van Effects of pressure/temperature treatments on stability
and activity of endogenous broccoli (Brassica oleracea L. cv. Italica) myrosinase and on cell permeability.
J. Food Eng. 2008, 89, 178-186. [CrossRef]

Tanongkankit, Y.; Sablani, S.S.; Chiewchan, N.; Devahastin, S. Microwave-assisted extraction of sulforaphane
from white cabbages: Effects of extraction condition, solvent and sample pretreatment. J. Food Eng. 2013,
117,151-157. [CrossRef]

Fusari, C.M.; Ramirez, D.A.; Camargo, A.B. Simplified analytical methodology for glucosinolate hydrolysis
products: A miniaturized extraction technique and multivariate optimization. Anal. Methods 2019, 11,
309-316. [CrossRef]

Pusateri, D.J.; Kizer, T.R.; Lowry, A.N. Extraction of Non-Polar Isothiocyanates from Plants. US Patent
6,824,796, 30 November 2004.

Rodrigues, L.; Silva, L; Poejo, J.; Serra, A.T.; Matias, A.A.; Simplicio, A.L.; Bronze, M.R.; Duarte, CM.M.
Recovery of antioxidant and antiproliferative compounds from watercress using pressurized fluid extraction.
RSC Adv. 2016, 6, 30905-30918. [CrossRef]

Pereira, L.; Silva, P.; Duarte, M.; Rodrigues, L.; Duarte, C.; Albuquerque, C.; Serra, A. Targeting Colorectal
Cancer Proliferation, Stemness and Metastatic Potential Using Brassicaceae Extracts Enriched
in Isothiocyanates: A 3D Cell Model-Based Study. Nutrients 2017, 9, 368. [CrossRef] [PubMed]

Bajkacz, S.; Adamek, J. Evaluation of new natural deep eutectic solvents for the extraction of isoflavones
from soy products. Talanta 2017, 168, 329-335. [CrossRef] [PubMed]

Molina-Bolivar, J.A.; Aguiar, J.; Ruiz, C.C. Light scattering and fluorescence probe studies on micellar
properties of Triton X-100 in KCl solutions. Mol. Phys. 2001, 99, 1729-1741. [CrossRef]

Tani, H.; Kamidate, T.; Watanabe, H. Aqueous Micellar Two-Phase Systems for Protein Separation. Anal. Sci.
1998, 14, 875-888. [CrossRef]

Vieira, FA.; Guilherme, RJ.R.; Neves, M.C.; Abreu, H.; Rodrigues, E.R.O.; Maraschin, M.; Coutinho, ].A.P;
Ventura, S.P.M. Single-step extraction of carotenoids from brown macroalgae using non-ionic surfactants.
Sep. Purif. Technol. 2017, 172, 268-276. [CrossRef]

Katsoyannos, E.; Chatzilazarou, A.; Gortzi, O.; Lalas, S.; Konteles, S.; Tataridis, P. Application of cloud point
extraction using surfactants in the isolation of physical antioxidants (phenols) from olive mill wastewater.
Proc. Fresenius Environ. Bull. 2006, 15, 1122-1125.

Cordisco, E.; Haidar, C.N.; Coscueta, E.R.; Nerli, B.B.; Malpiedi, L.P. Integrated extraction and purification of
soy isoflavones by using aqueous micellar systems. Food Chem. 2016, 213, 514-520. [CrossRef]

Alibrahim, M. Cloud point extraction of polycyclic aromatic hydrocarbons in aqueous solution with nonionic
surfactants. Tenside Surfactants Deterg. 2014, 51, 333-338. [CrossRef]


http://dx.doi.org/10.1186/s12864-016-2704-4
http://dx.doi.org/10.3390/molecules23030624
http://dx.doi.org/10.3390/antiox8040106
http://dx.doi.org/10.1007/s00394-018-1789-8
http://www.ncbi.nlm.nih.gov/pubmed/30066177
http://dx.doi.org/10.1007/s10354-012-0163-3
http://www.ncbi.nlm.nih.gov/pubmed/23224634
http://dx.doi.org/10.1016/j.jfoodeng.2008.04.016
http://dx.doi.org/10.1016/j.jfoodeng.2013.02.011
http://dx.doi.org/10.1039/C8AY02442A
http://dx.doi.org/10.1039/C5RA28068K
http://dx.doi.org/10.3390/nu9040368
http://www.ncbi.nlm.nih.gov/pubmed/28394276
http://dx.doi.org/10.1016/j.talanta.2017.02.065
http://www.ncbi.nlm.nih.gov/pubmed/28391863
http://dx.doi.org/10.1080/00268970110068750
http://dx.doi.org/10.2116/analsci.14.875
http://dx.doi.org/10.1016/j.seppur.2016.07.052
http://dx.doi.org/10.1016/j.foodchem.2016.07.001
http://dx.doi.org/10.3139/113.110315

Antioxidants 2020, 9, 698 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Gortzi, O,; Lalas, S.; Chatzilazarou, A.; Katsoyannos, E.; Papaconstandinou, S.; Dourtoglou, E. Recovery of
natural antioxidants from olive mill wastewater using Genapol-X080. JAOCS |. Am. Oil Chem. Soc. 2008, 85,
133-140. [CrossRef]

Raja, S.; Murty, V.R.; Thivaharan, V.; Rajasekar, V.; Ramesh, V. Aqueous Two Phase Systems for the Recovery
of Biomolecules—A Review. Sci. Technol. 2012, 1, 7-16. [CrossRef]

Cordisco, E.; Haidar, C.N.; Gonii, R.; Nerli, B.B.; Malpiedi, L.P. Physicochemical characterization of aqueous
micellar systems formed by environmentally friendly salts. Fluid Phase Equilib. 2015, 393, 111-116. [CrossRef]
Sharma, S.; Kori, S.; Parmar, A. Surfactant mediated extraction of total phenolic contents (TPC) and
antioxidants from fruits juices. Food Chem. 2015, 185, 284-288. [CrossRef] [PubMed]

Coscueta, E.R.; Pellegrini Malpiedi, L.; Nerli, B.B. Micellar systems of aliphatic alcohol ethoxylates as
a sustainable alternative to extract soybean isoflavones. Food Chem. 2018, 264, 135-141. [CrossRef] [PubMed]
Haidar, C.N.; Coscueta, E.; Cordisco, E.; Nerli, B.B.; Malpiedi, L.P. Aqueous micellar two-phase system as
an alternative method to selectively remove soy antinutritional factors. LWT 2018, 93, 665—-672. [CrossRef]
Coscueta, E.R.; Campos, D.A.; Osério, H.; Nerli, B.B.; Pintado, M. Enzymatic soy protein hydrolysis: A tool
for biofunctional food ingredient production. Food Chem. X 2019, 1, 100006. [CrossRef]

Gongalves, B.; Falco, V.; Moutinho-Pereira, J.; Bacelar, E.; Peixoto, F.; Correia, C. Effects of Elevated CO, on
Grapevine (Vitis vinifera L.): Volatile Composition, Phenolic Content, and in vitro Antioxidant Activity of
Red Wine. . Agric. Food Chem. 2009, 57, 265-273. [CrossRef]

Kutner, M.H.; Nachtsheim, C.J.; Neter, J.; Li, W. Applied Linear Statistical Models, 5th ed.; McGraw Hill:
New York, NY, USA, 2005.

Tukey, J.W. Comparing individual means in the analysis of variance. Biometrics 1949, 5, 99-114. [CrossRef]
Gunst, R.F; Myers, RH.; Montgomery, D.C. Response Surface Methodology: Process and Product
Optimization Using Designed Experiments. Technometrics 1996, 38, 285. [CrossRef]

Grumezescu, A.M.; Holban, A.M. Ingredients Extraction by Physicochemical Methods in Food. In Handbook
of Food Bioengineering; Elsevier Science: Amsterdam, The Netherlands, 2017; ISBN 9780128112021.

Sarkar, R.; Mukherijee, S.; Biswas, J.; Roy, M. Phenethyl isothiocyanate, by virtue of its antioxidant activity,
inhibits invasiveness and metastatic potential of breast cancer cells: HIF-1x as a putative target. Free Radic. Res.
2016, 50, 84-100. [CrossRef]

Valgimigli, L.; Iori, R. Antioxidant and pro-oxidant capacities of ITCs. Environ. Mol. Mutagen. 2009, 50,
222-237. [CrossRef]

Lee, K.-Y.; Shibutani, M.; Kuroiwa, K.; Takagi, H.; Inoue, K.; Nishikawa, H.; Miki, T.; Hirose, M.
Chemoprevention of acrylamide toxicity by antioxidative agents in rats—Effective suppression of testicular
toxicity by phenylethyl isothiocyanate. Arch. Toxicol. 2005, 79, 531-541. [CrossRef] [PubMed]
Soundararajan, P.; Kim, J. Anti-Carcinogenic Glucosinolates in Cruciferous Vegetables and Their Antagonistic
Effects on Prevention of Cancers. Molecules 2018, 23, 2983. [CrossRef] [PubMed]

Okulicz, M.; Bialik, I.; Chichlowska, ]J. The time-dependent effect of gluconasturtiin and phenethyl
isothiocyanate on metabolic and antioxidative parameters in rats. J. Anim. Physiol. Anim. Nutr. (Berl.) 2005,
89, 367-372. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11746-007-1180-z
http://dx.doi.org/10.5923/j.scit.20110101.02
http://dx.doi.org/10.1016/j.fluid.2015.03.011
http://dx.doi.org/10.1016/j.foodchem.2015.03.106
http://www.ncbi.nlm.nih.gov/pubmed/25952870
http://dx.doi.org/10.1016/j.foodchem.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29853357
http://dx.doi.org/10.1016/j.lwt.2018.04.025
http://dx.doi.org/10.1016/j.fochx.2019.100006
http://dx.doi.org/10.1021/jf8020199
http://dx.doi.org/10.2307/3001913
http://dx.doi.org/10.2307/1270613
http://dx.doi.org/10.3109/10715762.2015.1108520
http://dx.doi.org/10.1002/em.20468
http://dx.doi.org/10.1007/s00204-005-0656-6
http://www.ncbi.nlm.nih.gov/pubmed/15864552
http://dx.doi.org/10.3390/molecules23112983
http://www.ncbi.nlm.nih.gov/pubmed/30445746
http://dx.doi.org/10.1111/j.1439-0396.2005.00523.x
http://www.ncbi.nlm.nih.gov/pubmed/16401187
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Extraction Procedures 
	Optimisation of PEITC Extraction with AMSs 
	PEIT Chromatographic Analysis 
	Antioxidant Activity 
	Statistical Analysis 

	Results 
	Liquid-Liquid Extraction: Comparison of Extractants 
	Optimised PEITC Extraction 
	Antioxidant Activity 

	Discussion 
	Conclusions 
	References

