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Abstract A modified QuEChERS method (Quick, Easy, Cheap, Effective, Rugged, and Safe) for

the determination of fifteen phenolic compounds in mustard greens (Brassica juncea) using ultra-

high-performance liquid chromatography coupled to tandem mass spectrometry (UHPLC-MS/

MS) analysis was developed. The QuEChERS partitioning step and dispersive solid phase extrac-

tion (d-SPE) clean-up sorbents were investigated, aimed at phenolic compound extraction and pig-

ment removal, respectively. QuEChERS acetate version combined with 25 mg of diatomaceous

earth (DE) and 5.0 mg of graphitized carbon black (GCB) provided the best conditions for sample

preparation of the target compounds. Under the optimized conditions, all phenolic compounds

showed good linearity (r � 0.99) over the concentration range of 0.1 to 8000 lg kg�1, and the quan-

tification limits were in the range of 0.06–230 lg kg�1. The spectrophotometric analysis showed that

the clean-up step promoted a significant removal of chlorophyll, which is the major pigment present
liquid
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in the sample. Furthermore, antioxidant activity analysis was also carried out after the clean-up step

and, together with chromatographic data, showed that no significant retention of the phenolic com-

pounds occurs in the clean-up step. Two mustard greens varieties – Southern Giant Curled (SGC)

and Florida Broadleaf (FB) - were analyzed with the proposed method. Seven phenolic compounds

(4-hydroxybenzoic, p-coumaric, ferulic and sinapic acids, naringenin, apigenin and kaempferol)

were found in both varieties, the greatest abundance being for sinapic acid (1261.5 ± 23 lg kg�1

in SGC and 1235.5 ± 26 lg kg�1 in FB) and ferulic acid (2861 ± 24 lg kg�1 in SGC and

3204.5 ± 45 lg kg�1 in FB).

� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The determination of bioactive compounds in fruits and veg-
etables has been increasingly explored to provide information

about biologically active compounds with potential health
benefits, manufacturing of new functional foods in industry
and nutritional recommendations for balanced diets

(Abuajah et al., 2015). The phenolic compounds are the main
class of bioactive compounds found in plant matrices, and are
distributed throughout the plant parts including seeds, leaves,
roots, flowers and fruits. This class of bioactive compounds

comprises more than 8000 compounds, which are extensively
studied due to their antioxidant potential in human health pro-
tection against oxidative damage (Arts and Hollman, 2005;

Bravo, 1998; Vauzour et al., 2010). In addition to the antioxi-
dant potential, the phenolic compounds have been evaluated
about other important biologically activities, and a range of

studies reported antibacterial, antimicrobial, antidiabetic, anti-
cancer, anti-inflammatory and cardioprotective effects,
immune system promoting and skin protective effect from

ultraviolet (UV) radiation (Gonçalves and Romano, 2017;
Kumar and Goel, 2019; Tungmunnithum et al., 2018).

A member of the Brassica genus, mustard greens (Brassica
juncea) are still poorly consumed and studied, in contrast to

their seeds and other leafy green Brassica crops, such as cab-
bage (Brassica oleracea var. capitata), collard (Brassica oleracea
var. viridis) and kale (Brassica oleracea L. var. acephala). Mus-

tard greens have a peppery taste and mustardy smell during
cooking but are generally consumed in salad form. The culti-
vars Florida (Broad Leaf) and Southern (Giant Curled Leaf)

are the most produced and consumed in United States and
are also present in America continent (Rana and Haryana,
2016). Most of the leafy greens from the Brassica genus are

associated with Brassica oleracea varieties, due to the diversity
and the economic importance of these cultivars around the
world. Several studies have been reported that these varieties
have a rich composition of natural antioxidants, such as ascor-

bic acid, phenolic compounds, tocopherols and carotenoids
(Frazie et al., 2017; Lee et al., 2018; Park et al., 2014).

Despite the range of relevant publications about phenolic

composition in plant matrices, there are still few studies that
emphasize the use of recent sample preparation techniques that
aim to reduce toxic solvents, time and cost associated with sat-

isfactory extraction of the compounds and removal of matrix
interferences (Antolovich et al., 2000; Casado et al., 2018;
Fontana and Bottini, 2014). In this sense, the QuEChERS
method (Quick, Easy, Cheap, Effective, Rugged, and Safe) is

a promising alternative aimed at these advantages for phenolic
compound determination in plant matrices. Initially the QuE-
ChERS method was developed for pesticide residue determina-
tion in food matrices. However, due to its versatility has been

applied to the determination of other compounds and/or
matrices, resulting in high recoveries and interference removal
in examples such as mycotoxins in tomatoes (Berardis et al.,
2018), parabens in drinking water (Marta-Sanchez et al.,

2018), tocopherol and sitosterols in seeds and nuts (Delgado-
Zamarreño et al., 2016), emerging contaminants in marine
mussels (Groz et al., 2014), ethylene glycol ethers in cleaning

products (Pastor-Belda et al., 2016), polycyclic aromatic
hydrocarbons from soil (Liu et al., 2020), and, recently, pheno-
lic compounds in fruits (Rodrigues et al., 2019; Rotta et al,

2019). In most cases, plant matrix extracts are composed of
large amounts of sugars, lipids, fibers and pigments and so
require a clean-up step before the liquid chromatography cou-
pled to tandem mass spectrometry analysis (LC-MS/MS)

(Martı́nez-Domı́nguez et al., 2014; Matamoros et al., 2012;
Raina-Fulton, 2015). The clean-up step is essential to reduce
interferent compounds, ensuring reliable identification and

quantification data, and also to maintain the integrity of the
chromatographic system (Goyal, 2007; Vékey, 2001). Leafy
vegetables are rich in fibers and pigments (e.g., chlorophyll

and carotenoids), and sorbents such as primary and secondary
amine (PSA), graphitized carbon black (GCB) and diatoma-
ceous earth (DE) have been reported for the clean-up step

(Arias et al., 2014; Raks et al., 2018; Yu et al. 2017). PSA acts
as an anionic exchange medium with chelating effect, and it is
indicated to remove polar pigments, polar organic acids, some
sugars and fatty acids. GCB presents a large planar surface

area with polar groups that improve removal of pigments, such
as chlorophyll and carotenoids. DE is an amorphous mineral,
composed mainly of silicon dioxide, which is low cost and has

large surface area. DE has also been applied in pigment
removal (Cabrera et al. 2012; Trevisan et al., 2017).

This work investigates the determination of 4-

hydroxybenzoic, p-coumaric, ferulic, sinapic, vanillic, caffeic,
syringic and ellagic acids and naringenin, apigenin, kaemp-
ferol, epigallocatechin gallate, chrysin, quercetin and myricetin

in two mustard green varieties (Southern Giant Curled and
Florida Broadleaf). For sample preparation, the QuEChERS
method was used, and different sorbents for the d-SPE
clean-up step were evaluated. The clean-up step efficiency

was determined by comparing the ultraviolet–visible (UV–
Vis) spectrum scan and antioxidant activity (DPPH and
ORAC) data to chromatographic data aimed at the removal

of interfering compounds, especially pigments, without chang-
ing the phenolic compound composition.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Material and methods

2.1. Standards, solvents and reagents

Antioxidant standards of 4-hydroxybenzoic, p-coumaric,
ferulic, sinapic, vanillic, caffeic, syringic and ellagic acids and

naringenin, apigenin, kaempferol, epigallocatechin gallate,
crisin, quercetin and myricetin were purchased from Sigma-
Aldrich (Saint Louis, USA). All reference standards had

purities greater than 95%. Stock standard solutions of all indi-
vidual compounds (1 mg mL�1) were prepared in 100%
methanol and stored at �18 �C in the dark. Working standard
mixture solutions were prepared by appropriate dilution of the

stock solutions in 100% methanol.
HPLC-grademethanol and acetonitrile were purchased from

J.T. Baker (Edo. de Mexico, Mexico). Ultrapure water was

obtained from a Milli-Q ultrapure water purification system
(Millipore, USA). Formic acid and acetic acid, HPLC grade,
were purchased from Sigma-Aldrich (Saint Louis, USA).

For QuEChERS extraction, anhydrous magnesium sulfate,
sodium acetate, sodium chloride and sodium citrate tribasic
dihydrate were obtained from J.T. Baker (Edo. de Mexico,
Fig. 1 Flowchart of the main steps followed for extraction and clea

from mustard greens.
Mexico), and sodium hydrogen citrate sesquihydrate was
obtained from Alfa Aesar (Ward Hill, USA). The sorbents
Bondesil PSA (primary secondary amine, 40 lm) and graphi-

tized carbon black (GCB) were purchased from Agilent Tech-
nologies (Santa Clara, USA). Octadecylsilane (C18) was
purchased from Supelco (Bellefonte, USA), and diatomaceous

earth (DE) was purchased from Almad (Araçatuba, Brazil).
For antioxidant assays and total phenolic content, (±)-6-

hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Tro-

lox), 2,2-diphenyl-1-picrylhydrazyl (DPPH�), 2,20-Azobis
(2-amidinopropane) dihydrochloride (AAPH) and Folin–
Ciocalteu reagent were supplied by Sigma-Aldrich
(Saint Louis, USA). Fluorescein was obtained from Fluka

(Saint Louis, USA).

2.2. Sample preparation

The experimental procedures followed for the optimization of
the extraction and clean-up steps for the determination of the
phenolic compounds from mustard greens are described in

detail in the following sections and presented in a summarized
graph in Fig. 1.
n-up optimization for the determination of phenolic compounds



Table 1 Sorbents used in the d-SPE clean-up step.

Test mg (Sorbent)

QuEChERS acetate T1 25 PSA

T2 25 C18

T3 50 C18

T4 10 DE

T5 25 DE

T6 10 GCB

T7 25 DE + 2.5 GCB

T8 50 C18 + 2.5 GCB

T9 25 DE + 5.0 GCB
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2.2.1. Samples

A total of 10 kg of mustard greens (Southern Giant Curled and

Florida Broadleaf varieties) were obtained from a local hydro-
ponic producer in Maringá (23�240S, 51�550W), Paraná, Brazil.
The leaves were selected manually and washed in tap water.

Afterward, the leaves were chopped and crushed to form a
paste in a blender, Walita RI2106, and stored in a freezer
(�18 �C) in vacuum packages until analysis.

2.2.2. Optimization of the QuEChERS method

Firstly, the effectiveness of the extraction/partition steps on
the extraction of the phenolic compounds from mustard greens

was evaluated using the three versions of the QuEChERS
method – original (Anastassiades et al. 2003), citrate
(Anastassiades et al. 2007) and acetate (Lehotay et al., 2005).

For this evaluation, 10 g of mustard greens paste was trans-
ferred to a 50 mL Falcon tube, and the addition of the solvent
and salts was conducted as follows for each version of the
QuEChERS method:

- QuEChERS original: 10 mL of acetonitrile was added, and
the tubes were shaken by vortex AP 56 (Phoenix, Brazil) for

1 min. Then, MgSO4 (4 g) and NaCl (1 g) were added.
- QuEChERS citrate: 10 mL of acetonitrile was added, and
the tubes were shaken by vortex for 1 min. Then, MgSO4

(4 g), sodium citrate tribasic dihydrate (1 g) and sodium
hydrogen citrate sesquihydrate (0.5 g) were added.

- QuEChERS acetate: 10 mL of 1% (v/v) acetic acid in ace-

tonitrile was added, and the tubes were shaken by vortex
for 1 min. Next, MgSO4 (4 g) and sodium acetate (1 g) were
added.

After the salt addition, the tubes were shaken for 1 min and
immediately centrifuged, Harrier 18/80R centrifuge (Sanyo

MSE, UK), at 4529g for 10 min. The supernatants of each
QuEChERS extraction version (1 mL) were collected and
added to separate 15 mL Falcon tubes to proceed to the

clean-up step.
In this first study, for all versions of the QuEChERS

method, in the d-SPE clean-up step, 25 mg of PSA and

150 mg of MgSO4 were added. The tubes were shaken for
1 min by vortex and immediately centrifuged (4529g,
10 min). The supernatants were filtered through a polytetraflu-
oroethylene (PTFE) syringe filter (13 mm diameter and

0.22 lm pore) prior to the chromatographic analysis.

2.2.3. Clean-up step

Defined the better extraction/partitioning version of the QuE-

ChERS methods, the d-SPE clean-up step was optimized. For
this step, different amounts of sorbent, used individually or in
combination, were evaluated, as shown in Table 1. In all clean-

up steps, in addition to the sorbents, 150 mg of MgSO4 was
also added. The extracts obtained after the clean-up tests were
submitted to chromatographic analysis and to spectrophoto-

metric and antioxidant activity analyses to evaluate the
clean-up step efficiency.

For the spectrophotometric analysis, the extracts were

scanned in a wavelength range of 200 to 800 nm, using a
UV–Vis Cary 60 (Agilent Technologies, USA). For this mea-
surement, 100 lL of each d-SPE extract was diluted in 2 mL
of acetonitrile and added into a quartz cuvette. Blank samples
were recorded with pure acetonitrile.

Antioxidant activity was carried out by DPPH radical scav-
enging and oxygen radical absorbance capacity (ORAC) meth-
ods. DPPH radical scavenging was performed according to Ma

et al. (2011), and the solution’s absorbance was measured at a
wavelength of 517 nm in a Genesys 10S UV–Vis spectropho-
tometer (Thermo Fisher Scientific, USA). Trolox standards

(ranging from 10 to 2000 lmol L�1) were used to prepare
the analytical curve (y = �0.0003x + 0.7773, r2 = 0.992),
and the results were expressed as micromoles of Trolox equiv-
alents per gram of fresh weight of mustard greens (lmol

TE g�1 FW). The ORAC method was performed according
to Ou et al. (2001). A VictorTM X4 multimode plate reader
(Perkin-Elmer, USA) with fluorescence filters for excitation

(485 nm) and emission (535 nm) was used to monitor the pro-
tective effect of antioxidant compounds present in the extracts
when fluorescein was degraded by the AAPH radical. Trolox

standard solutions (0.5 to 10 lmol L�1) were used to prepare
the analytical curve (y = 0.2785x + 3.464, r2 = 0.995), and
the concentration calculations were based on the area under
the fluorescence curve. The results were expressed as micro-

moles of Trolox equivalents per gram of fresh weight (lmol
TE g�1 FW).

2.2.3.1. Final QuEChERS procedure. The final QuEChERS
procedure chosen to be used for the extraction of the phenolic
compounds from the mustard greens was as follows: the QuE-

ChERS acetate version for the extraction and partition step
and a combination of 25 mg of DE and 5.0 mg of GCB for
the d-SPE clean-up step.

2.3. UHPLC-MS/MS conditions

Using a UPLC Acquity H-CLASS (Waters, Milford, MA,
USA) coupled to a Xevo TQD triple-quadrupole mass spec-

trometer equipped with a Z sprayTM source (Waters, Milford,
MA, USA), 1.5 lL samples were injected and separated in a
Waters 1.7 lm Acquity UPLC� BEH C18 column

(50 mm � 2.1 mm i.d.) at a flow rate of 0.150 mL min�1.
The column was kept at 30 ± 1 �C, and the mobile phase
was (A) H2O (acidified with 0.1% formic acid) and (B) MeOH.

Gradient elution was used, and the organic solvent (MeOH)
percentage was changed linearly as follows: 0 min, 10% B;
0.01–4 min, 70% B; 4–8 min, 100% B; 9 min, 100% B; 9.5,

50% B; 10 min, 10% B; 15 min, 10% B.
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For instrument control, data acquisition and processing,
MassLynx and QuanLynx software version 4.1 (Waters) were
used. The electrospray was operated in negative mode, using

selected reaction monitoring (SRM), under the following con-
ditions: capillary voltage, 3.0 kV; extractor voltage, 3.0 V;
source temperature, 130 �C; and desolvation gas temperature,

550 �C. The cone gas and desolvation gas (both nitrogen) flow
rates were set at 50 and 700 L h�1, respectively. Argon (99.9%)
from White Martins (Rio de Janeiro, Brazil) was used as the

collision gas at a constant pressure of 2.82 � 10�3 mbar.
The precursor and product ions and the mass spectrometry
parameters selected for the phenolic compounds are presented
in supplementary material.

2.4. Statistical analysis

All experiments were performed in triplicate (n = 3) and the

data are presented as the mean and standard deviation (SD).
Tukey’s test (p < 0.05) analyses were executed in RStudiot�

v.1.2.1335 software.

3. Results and discussion

3.1. QuEChERS method development

3.1.1. Extraction/partitioning steps

Firstly, the three versions of the QuEChERS method (original,
acetate and citrate), which differ from each other by the extrac-

tion/partitioning steps, were evaluated for the extraction of the
phenolic compounds from mustard greens samples. Fig. 2
shows the phenolic compounds extracted and their respectively
amounts, using the three versions of the QuEChERS method.

Of the fifteen phenolic compounds evaluated, seven were
extracted, four of them being phenolic acids (4-
Fig. 2 Evaluation of extraction/partitioning efficiency for orig-

inal, acetate and citrate QuEChERS versions, keeping 25 mg of

PSA in d-SPE step. Data given as the mean peak area ± the

standard deviation (n = 3). The QuEChERS methods followed by

the same letter do not differ statistically from each other by the

Tukey’s test (p < 0.05). 4HB (4-hydroxybenzoic acid), NAR

(naringenin), APG (apigenin), KAE (kaempferol), PCU (p-

coumaric acid), FER (ferulic acid), SNP (sinapic acid).
hydroxybenzoic, p-coumaric, ferulic and sinapic acids) and
three being flavonoids (naringenin, apigenin, kaempferol).
This set of seven compounds was only extracted by the QuE-

ChERS acetate method. Naringenin, apigenin and ferulic acid
were also extracted by QuEChERS original and citrate ver-
sions and p-coumaric acid by QuEChERS citrate version,

but in lower amounts than with the QuEChERS acetate ver-
sion. The main modification in the extraction/partitioning
steps between the QuEChERS original version and the QuE-

ChERS acetate and citrate versions is the buffering salts,
resulting in buffering solutions at pH 4.8 and 5.5, respectively.
On the other hand, the pH of the QuEChERS original version
depends on the acidic characteristics of the sample. The buf-

fered QuEChERS versions were developed because some com-
pounds presented stability and/or recovery problems
according to the matrix pH (González-Curbelo et al., 2015).

In the case of phenolic compounds, the acid medium can
enhance the solubility of the compounds and promote the
breaking of the bonds between the phenolic compounds and

the matrix, resulting in higher extraction efficiency (Chirinos
et al., 2007; Dai and Mumper, 2010; Khoddami et al., 2013).

In this study, the better extraction performance presented

by the QuEChERS acetate version (pH 4.8) can be justified
by the lower pH of the sample during the extraction process
compared with the other QuEChERS extraction versions,
QuEChERS original (~pH 5.8) and QuEChERS citrate (pH

5.5). Phenolic compounds are weak acids, and therefore, lower
pH favors their neutral form and also their solubility in the
organic extraction solvent (Fontana and Bottini, 2014). Thus,

the QuEChERS acetate version was used for the further eval-
uations of the clean-up step performance.

3.1.2. Clean-up step performance

The mustard greens are composed of approximately 90.7%
water, 4.7% carbohydrate (3.2% being dietary fiber), 2.9%
protein, 1.3% ash and 0.4% lipids (USDA, 2018). Also, mus-

tard greens contain high amounts of pigments, 1.7 mg/g of
fresh weight being chlorophyll and 0.19 mg/g of fresh weight
being carotenoids (Ruhil et al., 2015). So, an effective sample

clean-up step is required. The d-SPE was developed to be used
as a clean-up step in combination with the QuEChERS extrac-
tion method. d-SPE is based on the dispersion of a solid sor-
bent into a sample extract aliquot, and after the dispersion

process, the interfering compounds are retained with the sor-
bent, and the target compounds are separated from the extract
bulk by a centrifugation or filtration process (Anastassiades

et al., 2003). The sorbent effectiveness depends on the selective
adsorption interaction of interferents with the sorbent, physic-
ochemical nature of the sorbent/sorbate (pKa, functional

groups, polarity, molecular weight, size) and the characteristics
of the sample extract (pH, ionic strength) (Dabrowski et al.,
2005; Haghseresht et al., 2002).

In this study, aimed at an effective clean-up of the mustard
greens extracts, different sorbents and sorbent combinations
(PSA, C18, DE and GCB) (Table 1) were tested in the d-
SPE clean-up step, and the results are present in Fig. 3. Among

all clean-up tests evaluated, the T6 test (10 mg of GCB) was
the clean-up test that resulted in the lowest or among the low-
est amounts extracted for all phenolic compounds. For the

other clean-up tests evaluated, the behavior was different for
each compound; however, some considerations can be made



Fig. 3 Evaluation of different sorbents used individually or in combination in the d-SPE clean-up step for the QuEChERS acetate

method: (A) major and (B) minority phenolic compounds. Data given as the mean peak area ± the standard deviation (n = 3). The clean-

up followed by the same letter did not differ statistically from each other by the Tukey’s test (p < 0.05). 4HB (4-hydroxybenzoic acid),

NAR (naringenin), APG (apigenin), KAE (kaempferol), PCU (p-coumaric acid), FER (ferulic acid), SNP (sinapic acid).
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for some sets of compounds. All clean-up tests resulted in
slight variations in the amounts extracted for naringenin and
p-coumaric acid. On the other hand, significant variations of
the extracted amounts can be observed for 4-

hydroxybenzoic, ferulic and sinapic acids; apigenin and
kaempferol. 4-Hydroxybenzoic acid, apigenin and kaempferol
were extracted in higher amounts with T1, T2 and T3 tests.

Meanwhile, for ferulic and sinapic acids, T7 and T9 were the
clean-up tests that resulted in the highest extracted amounts.

Based on these findings and taking into account that the

phenolic compounds found in higher amounts in the mustard
greens samples presented a significant retention in T1 and T3
tests (a reduction of ffi 69–97%), the best clean-up conditions

for the target phenolic compounds would be T7 or T9 test.
However, the chromatographic data alone does not provide
information about the effectiveness of the sample clean-up.

To evaluate the clean-up efficiency of the d-SPE clean-up

step on the sample pigment removal, the sample extracts
obtained before and after the d-SPE clean-up step were ana-
lyzed by spectrophotometric analysis, and each extract was

scanned in a wavelength range of 300–700 nm (Fig. 4). This
analysis was carried out in order to observe the reduction of
absorbance in the ranges 428–469 nm and 642–660 nm, which

correspond to the maximum absorbances of chlorophyll a and
b, respectively; chlorophyll is the major pigment present in the
mustard greens extracts (Lichtenthaler and Buschmann, 2001).
From the spectrophotometric analysis results, it can be

observed that all clean-up tests evaluated were able to reduce
the amount of chlorophyll; however, a significative reduction
was obtained only for T6 and T9 tests. Considering the sample

composition, in which the majority of interferents are pig-
ments, the effectiveness of T6 and T9 tests in the clean-up step
can be explained. Both sorbents used in these tests, GCB and

DE, are indicated for pigment removal. By comparing the
results of the spectrophotometric analysis with the chromato-
graphic data for these tests, it is possible to observe that

GCB was very efficient in chlorophyll removal; however, in
large amounts it also presented a strong interaction with the
phenolic compounds (T6). On the other hand, the combination
of a smaller amount of GCB with DE (T9) promoted similar
chlorophyll removal as T6 test but without significant reten-

tion of the phenolic compounds. In this case, 25 mg of DE with
5.0 mg of GCB was the clean-up condition selected to be used
in association with the QuEChERS acetate version.

A parallel study of antioxidant activity (DPPH and ORAC
methods) was carried out to evaluate the antioxidant activity
before and after the optimized clean-up step (Fig. 5). It can

be observed that after the clean-up step, the antioxidant activ-
ity presented a slight reduction for both DPPH and ORAC
values. These results are in accordance with the chromato-

graphic data, which showed no significative retention of the
phenolic compounds in the optimized clean-up step.

3.2. UHPLC-MS/MS analysis

Fifteen phenolic compounds commonly found in vegetables
from the Brassica genus were selected to be evaluated in two
varieties of mustard greens. For this purpose, a UHPLC-

MS/MS method was developed and its analytical performance,
including analytical curve parameters, LOD and LOQ for all
target phenolic compounds, summarized in Table 2. The

LOD and LOQ were calculated as the quantity of analyte able
to produce a chromatographic peak three and ten times,
respectively, higher than the noise of the baseline in a chro-

matogram of a non-fortified sample, after estimating the
endogenous amount. The LOD and LOQ values determined
for the target compounds allowed the quantification of most
of the phenolic compounds found in mustard greens samples.

The quantification of the phenolic compounds found in mus-
tard greens samples was carried out by the standard addition
method. For this purpose, different analytical curves were

obtained at five concentration levels ranging from 0.1 to
8000 lg kg�1. As shown in Table 2, the developed method
presents good linearity for all the compounds, with good



Fig. 5 Comparison of the antioxidant activity measured by the

DPPH and ORAC methods for mustard greens extracts obtained

before and after the optimized clean-up step. Different letters in

the same method represent statistical difference according to the

Tukey test (p < 0.05).

Fig. 4 Spectrophotometric analysis of extracts obtained before and after each sorbent evaluated in the d-SPE clean-up for the

QuEChERS acetate method.
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correlation coefficients, r � 0.99. The chromatograms of the
standards of the phenolic compounds are shown in supplemen-

tary material.
Two mustard greens varieties, Southern Giant Curled and

Florida Broadleaf, were analyzed by the developed method.

The phenolic compounds and their respective amounts found
in both varieties are presented in Table 3. For the fifteen phe-
nolic compounds evaluated, seven were found in both varieties
and six of them were quantified. In both varieties, the same
phenolic compounds were found in quite similar amounts,
with the greatest abundance as sinapic and ferulic acids.

Few studies in the literature describe the determination of

phenolic compounds in mustard greens; on the other hand,
other leafy green Brassica crops have been more thoroughly
studied. Three studies were found describing the phenolic com-
position in potherb mustard (Brassica juncea, Coss), Japanese

mustard (Brassica rapa, var. japonica) and kimchi mustard
(Brassica juncea). Fang et al. (2008) determined eight phenolic
acids (gallic, protocatechuic, p-hydroxybenzoic, vanillic, caf-

feic, p-coumaric, ferulic and sinapic acids) in potherb mustard
by high-performance liquid chromatography with diode-array
detection (HPLC-DAD). Among them, sinapic (42.6 lg/g of

dried weight), ferulic (20.7 lg/g of dried weight) and p-
coumaric (13.4 lg/g of dried weight) acids were found in high-
est concentration levels. Khanam et al. (2012) determined the

phenolic composition of some leafy vegetables by HPLC-
DAD. The major phenolic compounds found in Japanese mus-
tard were sinapic acid (39.22 lg/g of fresh frozen weight),
hyperoside (38.72 lg/g of fresh frozen weight), salicylic acid

(13.59 lg/g of fresh frozen weight), p-coumaric acid
(12.07 lg/g of fresh frozen weight) and vanillic acid (8.28 lg/
g of fresh frozen weight). Park et al. (2017) evaluated the phe-

nolic compound changes in kimchi mustard leaf extracts over
different fermentation periods. Chlorogenic, caffeic and ferulic
acids, epicatechin, epigallocatechin gallate, rutin, epicatechin

gallate, catechin gallate, naringin and quercetin were quanti-
fied in kimchi mustard leaf by HPLC-DAD, with caffeic acid,
epicatechin gallate, naringenin and epicatechin being the com-
pounds found in highest amounts. Comparing these results

with the present study, it is possible to observe that the major
compounds found in SGC and FB mustard greens varieties are
also the compounds cited in the other varieties as the major



Table 2 Analytical performance of the developed method.

Phenolic Compounds Concentration range (lg L�1) Linear Regression y = ax + b Linearity (r) LOQa (lg L�1) LODb (lg L�1)

4-Hydroxybenzoic acid 120–600 y = 4.7302 + 452.62 0.991 70 23

Naringenin 0.4–2 y = 98.071x + 65.958 0.992 0.06 0.02

Apigenin 0.1–0.8 y = 9986x + 25.494 0.995 0.06 0.02

Kaempferol 8.5–68 y = 2.793x + 43.353 0.995 5 1.6

p-Coumaric acid 57–690 y = 10.44x + 2796.5 0.995 20 6.7

Ferulic acid 400–8000 y = 2.6819x + 7242.9 0.998 230 76.6

Sinapic acid 240–4800 y = 1.4742x + 1935.6 0.999 180 60

Vanillic acid 15–75 y = 4.67x + 245.47 0.996 8 2.6

Caffeic acid 25–125 y = 3.86x + 10.433 0.990 16 5.3

Syringic acid 15–75 y = 0.7022x + 4.4167 0.994 8 2.6

Epigallocatechin gallate 15–75 y = 5.1867x + 8.1333 0.993 8 2.6

Chrysin 15–75 y = 6.01x – 16.875 0.995 10 2

Quercetin 15–75 y = 3.1833x + 10.625 0.993 8 1.5

Ellagic acid 50–250 y = 0.256x – 2.1 0.996 30 6

Myricetin 25–125 y = 6.746x � 22 0.990 16 2

a LOD: limit of detection.
b LOQ: limit of quantification.

Table 3 Phenolic compounds found in different mustard

greens varieties.

Phenolic Compounds Concentration (lg kg�1)

Southern Giant

Curled

Florida

Broadleaf

4-Hydroxybenzoic acid 115.5d,B ± 2 263.7c,A ± 26

Naringenin 0.64f,B ± 0.03 0.96f,A ± 0.07

Apigenin <LOQ <LOQ

Kaempferol 11.8e,B ± 0.3 13.5e,A ± 0.5

p-Coumaric acid 227.1c,A ± 8 116d,B ± 1.5

Ferulic acid 2861a,B ± 24 3204.5a,A ± 45

Sinapic acid 1261.5b,A ± 23 1235.5b,A ± 26

Data given as the mean concentration ± standard deviation

(n = 3). The phenolic compound followed by the same letter did

not differ statistically from each other by the Tukey’s test

(p < 0.05). Lowercase and uppercase letters compare the phenolic

compounds in the same mustard green variety and between the

different mustard greens varieties, respectively.
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compounds. Furthermore, the set of phenolic compounds
found in the mustard greens varieties evaluated in this study

were also found in the most-consumed leafy green Brassica
crops, such as cabbage, broccoli, cauliflower, kale and turnip
(Bieganska-Marecik et al., 2017; Mollica et al., 2018; Lee

et al., 2018; Thiruvengadam et al., 2016; Upadhyay et al.,
2015).

With respect to the biological activities, mustard greens

were also less studied than the most-consumed leafy green
Brassica crops cited above. However, some few studies
reported antihyperglycemic, anticancer, antidiabetic and anti-
atherosclerosis effects for different mustard greens varieties

(Jo et al., 2018; Kim et al., 2003; Kwak et al., 2016; Park
et al., 2008; Yokozawa et al., 2003).

In summary, this study suggests that mustard greens can be

included in the group of leafy vegetables which are sources of
antioxidant compounds, and that more studies about their
other biological activities can reveal additional promising

human health effects.
4. Conclusions

The QuEChERS method has been shown to be versatile for

determination of phenolic compounds from mustard greens.
The lower pH reached by the partitioning buffered salts in
the acetate version of the QuEChERS method favored the phe-

nolic compound extraction when compared with the other ver-
sions. For the d-SPE clean-up step, four sorbents (PSA, C18,
DE and GCB) in different combinations were evaluated,
25 mg of DE and 5.0 mg of GCB being the condition in which

pigment removal without significant retention of the phenolic
compounds was observed. The effectiveness of the clean-up
step for the extracts was evaluated by comparing spectropho-

tometric, antioxidant activity and chromatographic data
obtained before and after the clean-up step. Under the opti-
mized clean-up step conditions, the extracts showed a signifi-

cant reduction in the absorbance in the wavelength range of
chlorophyll without compromising the antioxidant activity
and chromatographic data.

The phenolic composition of two varieties of mustard

greens was investigated with the optimized QuEChERS-
UHPLC-MS/MS method. The phenolic compounds found in
both mustard greens varieties were similar to those in other

mustard greens varieties reported in the literature, with sinapic
and ferulic acids being the most abundant phenolic
compounds.
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Sierra, I., 2018. Two novel strategies in food sample preparation for

the analysis of dietary polyphenols: Micro-extraction techniques

and new silica-based sorbent materials. Trends Food Sci. Technol.

1–14. https://doi.org/10.1016/j.tifs.2018.06.020.

Chirinos, R., Rogez, H., Campos, D., Pedreschi, R., Larondelle, Y.,

2007. Optimization of extraction conditions of antioxidant pheno-

lic compounds from mashua (Tropaeolum tuberosum Ruı́z &

Pavón) tubers. Sep. Purif. Technol. 55, 217–225. https://doi.org/

10.1016/j.seppur.2006.12.005.

Dabrowski, A., Podkoscielny, P., Hubicki, Z., Barczak, M., 2005.

Adsorption of phenolic compounds by activated carbon — a

critical review. Chemosphere 58, 1049–1070. https://doi.org/

10.1016/j.chemosphere.2004.09.067.

Dai, J., Mumper, R.J., 2010. Plant phenolics: extraction, analysis and

their antioxidant and anticancer properties. Molecules 15, 7313–

7352. https://doi.org/10.3390/molecules15107313.

Delgado-Zamarreño, M.M., Fernández-Prieto, C., Bustamante-Ran-
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