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Hydrogen peroxide treatment and the phenylpropanoid pathway precursors feeding affected the antioxidant capacity of quinoa
sprouts. Compared to the control, total phenolics content was significantly increased by treatment of control sprouts with 50mM
and 200mM H

2
O
2
—an elevation of about 24% and 28%, respectively. The highest increase of flavonoids content was found for

the sprouts treated with 200mM H
2
O
2
obtained from seeds fed with shikimic acid. All the studied modifications increased the

antioxidant potential of sprouts (at least by 50% compared to control). The highest reducing power was found for the sprouts
treated with 200mM H

2
O
2
obtained by phenylalanine feeding (5.03mgTE/gDW) and those obtained from the seeds fed with

tyrosine (5.26mgTE/gDW).The activities of L-tyrosine (TAL) and L-phenylalanine (PAL) ammonia-lyases were strongly affected
by germination time as well as the applied modification of sprouting. On the 3rd day the highest PAL activity was determined for
both untreated and induced with 50mMH

2
O
2
sprouts obtained by phenylalanine feeding. H

2
O
2
induced TAL activity; the highest

TAL activity was determined for 3-day-old sprouts induced with 200mMH
2
O
2
obtained from seeds fed with phenylalanine.

1. Introduction

In the last few years, an increasing interest can be observed for
food that aside from a high nutritional value provides some
additional prohealth effects. These functional products may
improve general conditions of the body (e.g., probiotics), may
decrease a risk of some diseases (e.g., inflammation, cancer),
and could also be useful in the treatment of some illnesses
and disorders (e.g., diabetes) [1].

Quinoa seeds are rich in proteins and free essential
amino acids, oils, and starch, including resistant starch [2, 3].
In addition, it contains a wide range of vitamins (ascorbic
acid and tocopherols) and microelements (i.e., phosphorus,
copper, manganese, iron, zinc, calcium, magnesium, sodium,
and potassium) [2]. For centuries, quinoa has also been
cultivated as a leafy vegetable. Leaves contain significant

amounts of protein (2.7–3.0%) and fiber (1.9%) and are a
good source of highly bioaccessible and bioavailable com-
pounds with antioxidant, anti-inflammatory, and anticancer
properties [3, 4]. Prohealth activity of quinoa is associated
with high contents of vitamin E and phenolic compounds
[5, 6]. The level of phenolics in quinoa seeds is strongly
determined by cultivar (colour-coating seeds are much better
source of phenolics) and cultivation conditions, for example,
weather and chemical spraying. Seeds contain phenolic acids
(caffeic, ferulic, p-coumaric, p-OH-benzoic, and vanillic) and
flavonoids (mainly kaempferol and quercetin derivatives) [7,
8].

Sprouting causes many biochemical changes in the devel-
oping seedlings. Storage materials (protein and starch) are
mobilized;micro- andmacrominerals becomemore bioavail-
able (reduction of phytic acid via an increased activity
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of phytase) [9]. Compared to dormant seeds, sprouts are
characterized by a higher bioavailability and bioaccessibility
of nutrients, minerals, and vitamins [10]. Unfortunately, in
some cases germination caused a significant reduction of phe-
nolics compounds—phytochemicals with well-documented
biological activity [10, 11]. Phenolics are usually lost during
soaking of seeds [9] but they may also be used by growing
plants as precursors of cell wall components, hormones, and
other regulatory compounds [12].

Phenolics are primarily produced through the pentose
phosphate, the shikimate, and the phenylpropanoid pathways
[12]. Phenylalanine and tyrosine ammonia-lyases, playing
a key role in the phenylpropanoid metabolism, convert
aromatic amino acids into trans-cinnamic and p-coumaric
acids, respectively.The activities of these enzymes are usually
induced under stress conditions, which results in an accumu-
lation of “pathogen-related compounds,” including pheno-
lics. This phenomenon may be used for improving phenolics
overproduction in plant systems [12]. So far, an induction
of phenylpropanoids metabolism by elicitors (compounds
or conditions inducing stress and further plant response)
was successfully used for the production of lentil [13], wheat
[14], buckwheat [15], or broccoli sprouts [16]. Additionally,
an effectiveness of such treatments may be enhanced by
precursors feeding, for example, L-galactose for ascorbic acid
[17], tryptophan for sulphoraphane [18] and shikimic acid,
and phenylalanine for phenolics synthesis [15, 19].

In this study, the effects of hydrogen peroxide treatment
and the phenylpropanoid pathway precursors feeding on
changes in the phenolics and antioxidant capacity of quinoa
sprouts were studied. Special attention was paid to activities
of two main enzymes involved in phenolics synthesis which
may broaden the knowledge about the mechanisms of their
accumulation.

2. Material and Methods

2.1. Chemicals. Ferrozine (3-(2-pyridyl)-5,6-bis-(4-phenyl-
sulphonic acid)-1,2,4-triazine), ABTS (2,2-azino-bis(3-eth-
ylbenzothiazoline-6-sulphonic acid)), ammonium thiocya-
nate, and polyvinylpyrrolidone were purchased from Sigma-
AldrichCompany (Poznan, Poland). All other chemicalswere
of analytical grade.

2.2. Materials. Quinoa (Chenopodium quinoaWilld.) “Faro”
seeds were cropped in Peru in 2011 and imported by Bio
Planet S.A. (product specification QNR/20417). Seeds were
sterilized in 1% (v/v) sodium hypochloride for 3min, then
drained, and washed with distilled water until they reached
neutral pH. After that seeds were placed in distilled water
(C: control, C1, and C2) or solution of phenolic precursor
(0.1mM shikimic acid, S, S1, and S2; 0.1mML-phenylalanine,
F, F1, and F2; 0.1mML-tyrosine, Y, Y1, andY2) and soaked for
4 h at 25∘C. Seeds were dark germinated for 3 days in a growth
chamber on Petri dishes (𝜙 125mm) lined with absorbent
paper (approximately 1000 seeds per dish). Seedlings were
watered daily with 5mL of Milli-Q water. For treatment 1-
day-old sprouts were sprayed with 5mL of 50mM (C1, F1,

and Y1) and 200mM (C2, F2, and Y2) hydrogen peroxide.
The plates were then covered and sprouts were germinated
under control conditions. After 3 days, sprouts were gently
collected, rapidly frozen, and lyophilised. Seeds and dried
sprouts were grounded in a labourmill, sieved (60mesh), and
kept in polyethylene bags at 20∘C [19].

2.3. Extraction Procedure. Quinoa flour (0.25 g in triplicate)
was extracted three timeswith 4mLof ethanol : water (80 : 20,
v/v). After centrifugation (10min, 6800×g) fractions were
collected, combined, and used for further analysis.

2.4. Phenolics Analysis

2.4.1. Total Phenolics. The amount of total phenolics was
determined using Folin-Ciocalteau reagent [20]. To 0.5mL of
the extract, 0.5mL H

2
O and 2mL Folin-Ciocalteau reagent

(1 : 5 H
2
O) were added and, after 3min, 10mL of 10%

Na
2
CO
3
. The contents were mixed and allowed to stand for

30min. Absorbance at 725 nm was measured in a UV-Vis
spectrophotometer. For themethod the calibration curve was
prepared using gallic acid solutions at concentrations 1 to
100 𝜇g/mL. The amount of total phenolics was expressed as
a gallic acid equivalent (GAE) in mg/g of dry weight (DW).

2.4.2. Total Flavonoids. Total flavonoids content was deter-
mined according to the method described by Lamaison
and Carnet [21]. One millilitre of extract was mixed with
1mL of 2% AlCl

3
× 6H
2
O solution and incubated at room

temperature for 10min. Thereafter, absorbance at 430 nm
was measured. For the method, the calibration curve was
prepared using a quercetin solution at concentrations 1
to 100 𝜇g/mL. Total flavonoids content was calculated as
quercetin equivalent (QE) in mg/g of dry weight (DW).

2.5. Antioxidant Activities

2.5.1. Antiradical Activity (ABTS). The experiments were car-
ried out using the ABTS decolorization assay [22].The ABTS
radical cation (ABTS+∙) was produced by reacting 7mM
stock solution of ABTS with 2.45mM potassium persulphate
(final concentration) and allowing themixture to stand in the
dark for at least 6 h at room temperature prior to use. The
ABTS+∙ solution was diluted to an absorbance of 0.7 ± 0.05 at
734 nm (Lambda 40UV-Vis spectrophotometer, PerkinElmer
Inc., Waltham, USA). Then, 40𝜇L of the extract obtained
after digestion in vitrowas added to 1.8mLofABTS+∙ solution
and the absorbance was measured at the end time of 5min.
The affinity of test material to quench ABTS free radical was
evaluated according to the following equation:

scavenging% = [
(𝐴
𝐶
− 𝐴
𝐴
)

𝐴
𝐶

] × 100, (1)

where 𝐴
𝐶

is the absorbance of control and 𝐴
𝐴

is the
absorbance of the extract obtained after digestion in vitro.

For the method the calibration curve was prepared using
Trolox solutions at concentrations 1 to 100 𝜇g/mL. Free
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radical scavenging ability was expressed as Trolox equivalent
in mg/gDW.

2.5.2. Reducing Power (RP). Reducing powerwas determined
using the method described based on the ability of the
extracts to reduce iron (III) [23]. Extracts (0.5mL) were
mixed with phosphate buffer (0.5mL, 200mmol/L pH 6.6)
and 0.5mL of 1% aqueous solution of potassium ferricyanide
K
3
[Fe(CN

6
)]. The mixture was incubated at 50∘C for 20min.

A portion (0.1mL) of 10% trichloroacetic acid was added
to the mixture, which was then centrifuged at 6800×g for
10min. The upper layer of solution (0.5mL) was mixed with
distilled water (0.5mL) and 0.1mL of 1 g/L FeCl

3
, and the

absorbance was measured at 700 nm. For the method the
calibration curve was prepared using Trolox solutions at
concentrations 1 to 100𝜇g/mL. The ability of the extracts to
reduce iron (III) was calculated as a Trolox equivalent (TE)
in mg/gDW.

2.5.3. Metal Chelating Activity (CHP). Chelating power was
determined by the method of Decker and Welch [24]. The
extract (5mL) was added to 0.1mL of 2mM FeCl

2
solution

and 0.2mL 5mM ferrozine and the mixture was shaken
vigorously and left standing at room temperature for 10min.
Then, absorbance of the solution was measured spectropho-
tometrically at 562 nm. The percentage of inhibition of
ferrozine-Fe2+ complex formation was calculated according
to the following formula:

% inhibition = [1 − (
𝐴
𝑝

𝐴
𝐶

)] × 100, (2)

where 𝐴
𝐶

is the absorbance of control and 𝐴
𝑝

is the
absorbance of sample

For the method the calibration curve was prepared using
EDTA solutions at concentrations 1 to 100 𝜇g/mL. Chelating
power was expressed as EDTA equivalent in mg/gDW.

2.5.4. Total Antioxidant Capacity. Four complementary
antioxidant tests were intergraded for evaluation of total
antioxidant capacity (AI) (3). The AI was calculated as
the sum of relative activities (RA) (4) for each antioxidant
method divided by the number of methods (𝑛) [25]:

AI =
∑RA

(𝑛)

𝑛
. (3)

RA was calculated as follows:

RA =
𝐴
𝑥

𝐴
𝐶

, (4)

where 𝐴
𝑥
is the activity of modified sprouts for the method

and 𝐴
𝐶
is the activity of control sprouts determined for the

method.

2.6. Enzymatic Activities

2.6.1. Extract Preparation. All enzyme extraction procedures
were conducted at 4∘C. A 200mg of lyophilized sample
(seeds, sprouts) was ground with 2mL extracting buffer
(0.2M boric acid buffer containing 1mM EDTA, and 50mM
𝛽-mercaptoethanol, pH 8.8). The extracts were then homog-
enized and centrifuged at 12 000×g at 4∘C for 30min, and the
supernatant was collected [26].

2.6.2. Enzyme Assay

(1) Tyrosine Ammonia-Lyase (TAL) Assay. For the TAL assay,
100 𝜇L of the extract was incubated with 0.9mL 0.02M L-
tyrosine at 30∘C for 60min. After incubations, 0.5mL 10%
trichloroacetic acid (TCA) was added to stop the reaction,
sampleswere centrifuged (15 000×g, 10min), and absorbance
at 310 nmwasmeasured. For themethod the calibration curve
was prepared using p-coumaric acid solutions at concentra-
tions 1 to 100 𝜇g/mL. One unit was defined as the amount of
enzyme that produced 1.0 𝜇g p-coumaric acid per min under
the conditions of the assay. The results were presented as U
per mg of protein [26].

(2) Phenylalanine Ammonia-Lyase (PAL) Assay. For the PAL
assay, 300 𝜇L of the extract was incubated with 1.2mL 0.02M
L-phenylalanine and 2mL of the PAL extracting buffer
at 30∘C for 60min. After incubations, 0.5mL 10% TCA
was added to stop the reaction, samples were centrifuged
(15 000×g, 10min), and absorbance at 290 nm was mea-
sured. For the method the calibration curve was prepared
using trans-cinnamic acid solutions at concentrations 1 to
100 𝜇g/mL. One unit was defined as the amount of enzyme
that produced 1.0 𝜇g trans-cinnamic acid per min under the
conditions of the assay. The results were presented as U per
mg of protein [26].

2.7. Protein Assay. Theproteins content was determined with
the Bradford method, using bovine serum albumin as the
standard protein [27].

2.8. Statistical Analysis. All experimental results were mean
± SD of three independent experiments (𝑛 = 9). One-way
analysis of variance (ANOVA) and Turkey’s post hoc test
were used to compare groups (seeds as well as control and
treated sprouts) (STATISTICA 6, StatSoft, Inc., Tulsa, USA).
Differences were considered significant at p < 0.05.

3. Results and Discussion

Phenolics content and antioxidant capacity of quinoa sprouts
are determined bymany factors such as genetics, germination
conditions, and further storage [8, 28].

The effect of the phenylpropanoid pathway precursors
feeding and hydrogen peroxide treatments on the sprouts
phenolics is presented in Figure 1. Compared to the control,
treatments with 50mM and 200mMH

2
O
2
significantly (𝑝 <

0.05) increased the total phenolics content by about 24% and
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Figure 1: Influence of hydrogen peroxide treatments combined with precursors feeding on the content of total phenolics (a) and flavonoids
(b) in quinoa sprouts. Note:means followed by different letters are significantly different at 𝑝 = 0.05. Each value represents the mean of three
independent experiments (±SD). C: control; C1: treatment with 50mM H

2
O
2
; C2: treatment with 200mM H

2
O
2
; S: shikimic acid feeding;

S1: treatment with 50mM H
2
O
2
and shikimic acid feeding; S2: treatment with 200mM H

2
O
2
and shikimic acid feeding; F: phenylalanine

feeding; F1: treatment with 50mMH
2
O
2
and phenylalanine feeding; F2: treatment with 200mMH

2
O
2
and phenylalanine feeding; Y: tyrosine

feeding; Y1: treatment with 50mMH
2
O
2
and tyrosine feeding; Y2: treatment with 200mMH

2
O
2
and tyrosine feeding.

28%, respectively. Surprisingly, the other modifications of
sprouting process (H

2
O
2
treatments and precursors feeding)

did not cause any increase of the total phenolics content,
while a reduction of their content in the sprouts obtained
from seeds fed with phenylalanine (F) and those treated with
50mM H

2
O
2
(F1) was observed (Figure 1(b)). Compared to

the control, the flavonoids content was increased in all the
studied sprouts; the best results (a 30% increase) were found
for the sprouts treated with 200mM obtained from seeds fed
with shikimic acid (S2) (Figure 1(b)).

The amounts of total phenolics and flavonoids content
are lower than those previously reported by Paśko et al.
[8] for 4-day-old dark-sprouted quinoa (20∘C). The cited
researchers found that the phenolics content (2.8mg/gDW)
in sprouts was strongly affected by illumination conditions.
Similar results were obtained in this study after treatment
with 50mM and 200mM hydrogen peroxide (C1, C2). So
far, an application of H

2
O
2
effectively increased the vigour,

microbiological quality, and phenolics content in lentil [13,
25] and alfalfa sprouts [29]. However, the use in this study
modification of sprouting did not affect strongly the total
phenolics content; an increase in the flavonoids content was
clearly visible. It may be partially explained by the fact
that during germination of quinoa seeds only flavonoids are
significantly increased, while free phenolic acids content is
usually lowered [30].

Similarly to the other studies, an increase of phenolics
antioxidants was translated into the antioxidant capacity [11,
31]. The antiradical capacity was significantly increased by
all the used modification of sprouting. The highest increase
was observed for the sprouts obtained from seeds fed with
tyrosine, an increase by about 150% for Y and Y2 sprouts.
Most importantly, in the sprouts obtained from seeds fed
with phenolics synthesis precursors, the effect of treatments
was also clearly visible (Table 1). Both hydrogen peroxide
treatment and precursors feeding caused about a twofold

increase of reducing ability.The highest activity was found for
the sprouts obtained from seeds fed with phenylalanine and
treated with 200mMH

2
O
2
(F2; 5.03mgTE/gDW) and those

obtained from seed fed with tyrosine (Y; 5.26mgTE/gDW).
There was no strong effect of the used modifications of
germination on the chelating power of sprouts; the maximal
increase by about 28% was found for the sprouts obtained
from seed fed with tyrosine and treated with 200mM H

2
O
2

(Y2).
Due to the fact that reactions with multiple mechanisms

are usually involved in the creating of antioxidant capacity it is
extremely difficult tomeasure the “total antioxidant capacity”
of complex food system accurately and quantitatively. For a
better evaluation of the total antioxidant potential and the
effectiveness of the used treatments, the total antioxidant
activity index (AI) was proposed. All the studied modifi-
cations increased the antioxidant potential of sprouts (at
least by 50% compared to control). The highest AI value
(1.95) was calculated for the sprouts obtained from seed
fed with tyrosine (Table 1). According to the results, H

2
O
2

treatments as well as the phenylpropanoid pathway feeding
significantly improved antioxidant capacity. Also, compared
to the previous studies the antioxidant capacity determined
in this study was significantly higher [30]. Most importantly,
the effectiveness of the used methodology was very high
compared to the other similar studies. An application of
stressing factors and precursors feeding for the improving
the antioxidant capacity of lentil [19] and buckwheat [15]
sprouts caused a maximal increase by about 20% and 50%,
respectively.

In Figures 2 and 3 the activities of enzymes involved in the
phenolic synthesis are presented. The activities of L-tyrosine
ammonia-lyase (TAL) and L-phenylalanine ammonia-lyase
(PAL), two enzymes directly involved in the phenolics syn-
thesis, were diversified by the sprout age as well as the applied
modification of sprouting. Generally, differences in the PAL
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Table 1: Antioxidant capacity of quinoa sprouts affected by hydrogen peroxide treatments and precursors feeding.

Cultivation conditions Antiradical activity
[mgTE/gDW]

Reducing power
[mgTE/gDW]

Chelating power
[mgEDTA/gDW] Total antioxidant capacity

C 0.77 ± 0.10a 2.29 ± 0.10a 3.38 ± 0.34a 1.00
C1 1.08 ± 0.18b 4.79 ± 0.29cd 4.02 ± 0.16b 1.56
C2 1.53 ± 0.14cd 4.71 ± 0.24cd 3.71 ± 0.33ab 1.71
S 1.42 ± 0.27bcd 4.81 ± 0.45cd 3.58 ± 0.20ab 1.67
S1 1.53 ± 0.16cd 4.85 ± 0.47cd 3.70 ± 0.23ab 1.73
S2 1.50 ± 0.16cd 4.44 ± 0.11c 3.89 ± 0.47abc 1.68
F 1.71 ± 0.06de 4.44 ± 0.37bc 3.40 ± 0.30a 1.72
F1 1.47 ± 0.21cd 4.69 ± 0.51cd 3.77 ± 0.52abc 1.69
F2 1.67 ± 0.15cde 5.03 ± 0.11d 3.41 ± 0.73ab 1.79
Y 1.92 ± 0.08e 5.26 ± 0.18d 3.63 ± 0.41ab 1.95
Y1 1.58 ± 0.15cde 4.70 ± 0.52bcd 3.71 ± 0.44ab 1.73
Y2 1.89 ± 0.14e 4.01 ± 0.12b 4.34 ± 0.07c 1.83
Note: means in columns followed by different letters are significantly different at 𝑝 = 0.05. Each value represents the mean of three independent experiments
(±SD).
C: control; C1: treatment with 50mMH2O2; C2: treatment with 200mMH2O2; S: shikimic acid feeding; S1: treatment with 50mMH2O2 and shikimic acid
feeding; S2: treatment with 200mMH2O2 and shikimic acid feeding; F: phenylalanine feeding; F1: treatment with 50mMH2O2 and phenylalanine feeding;
F2: treatment with 200mMH2O2 and phenylalanine feeding; Y: tyrosine feeding; Y1: treatment with 50mMH2O2 and tyrosine feeding; Y2: treatment with
200mMH2O2 and tyrosine feeding.
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activity were found between the studied sprouts from the
1st day of germination. After 3 days of sprouting the highest
activity of PAL was determined in the sprouts obtained
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from seeds fed with phenylalanine; in both the untreated
and the treated with 50mM H

2
O
2
(F and F1) sprouts about

a 2-fold increase was determined. Treatment with 50mM
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H
2
O
2
effectively induced PAL activity; however, a positive

effect of phenylalanine feeding was also observed (Figure 2).
There was no TAL activity in the dormant seeds and sprouts
germinated at control conditions. Most importantly, H

2
O
2

treatment induced TAL activity, which was especially visible
in the case of 3-day-old control sprouts. The highest TAL
activity was determined for the 3-day-old sprouts treated
with 200mM H

2
O
2
obtained from seeds soaked in 0.1mM

phenylalanine. A significant increase was also determined
for the 1- and 2-day-old induced sprouts obtained from
seeds fed with tyrosine (Figure 3). Similar to this study an
increase of PAL and TAL activity after UV-B treatments
of lentil seeds was observed by Świeca et al. [19]. An
increase of phenolics level in the broccoli sprouts treated
with mannitol and sucrose observed by Guo et al. [32] was
also correlated with the increased activity of PAL. From the
nutritional point of view, increasing concentration of low-
molecular-weight antioxidants resulted in higher antioxidant
capacity that is one of the most important effects observed in
sprouts after induction of theirmetabolismwith stress and/or
elicitors. Although an elevation of phenolics in the studied
quinoa sprouts was much lower than that of antioxidant
potential it may be suggested that in the complex foodmatrix
bioactive components interact with themselves; a synergistic
effect may take place similar to the other studies [33]. It
may be also suggested that low-molecular compounds, for
example, vitamin E or peptides, may be responsible for the
increased antioxidant potential; however, the positive effect
of precursor feeding suggests that phenolics play a key role.
This statement seems to be also supported by the fact that
chelating power [34], usually created by bioactive peptides in
the protein-rich product, was not significantly changed in the
studied sprouts.

4. Conclusion

It has been proven that antioxidant capacity of quinoa sprouts
may be successfully increased by treatments with H

2
O
2

combined with the phenylpropanoids precursors feeding.
It is all the more important in the light of the excel-
lent nutritional quality of quinoa sprouts and relatively
low antioxidant capacity (compared to the other com-
monly consumed sprouts). Most importantly, according
to the pattern of changes in the activity of two main
enzymes involved in the synthesis of phenolics antioxidants
it may be stated that they are synthesized de novo. The
best results were found after tyrosine feeding, about a 2-
fold increase of total antioxidant capacity (compared to
untreated sprouts). The obtained sprouts were characterized
by an increased content of flavonoids, improved reducing
power, and antiradical activity. As the antioxidant activity
of food is linked with its prohealth properties it may be
suggested that sprouts obtained in this study possess an
additional value and may be included to the functional
food.
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