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Abstract: Sprouted grains are widely appreciated food ingredients due to their improved, nutritional,
functional, organoleptic and textural properties compared with non-germinated grains. In recent
years, sprouting has been explored as a promising green food engineering strategy to improve the
nutritional value of grains and the formation of secondary metabolites with potential application in the
functional foods, nutraceutical, pharmaceutical and cosmetic markets. However, little attention has
been paid to the impact of sprouting on the chemical composition, safety aspects, techno-functional
and chemopreventive properties of sprouted seeds and their derived flours and by-products. The six
articles included in this Special Issue provide insightful findings on the most recent advances regarding
new applications of sprouted seeds or products derived thereof, evaluations of the nutritional value
and phytochemical composition of sprouts during production or storage and explorations of their
microbiological, bioactive and techno-functional properties.

Keywords: seed germination; nutritional value; phytochemicals; bioactivity; health; food safety;
technological properties; food development; functional foods

Sprouted grains, usually designated as a seed with a visible radicle, have been used as food
ingredients for many years, based on the general belief they provide significant nutritional, flavor, and
textural benefits over non-germinated seed counterparts. In recent years, sprouting has been explored
as a promising green food engineering strategy to improve the nutritional value of grains as well as to
synthesize secondary metabolites with potential applications in the functional foods, nutraceutical,
pharmaceutical and cosmetic markets. In this context, the industry has increasingly launched products
containing or made of sprouted seeds. During seed sprouting, a multitude of changes occur, moving
from molecular to macroscopic structures. Sprouting reactivates seed metabolism leading to the
catabolism and degradation of macronutrients and antinutritional compounds and the biosynthesis of
secondary metabolites with potential health benefits. These changes impact the nutritional value and
health-promoting potential of the edible seeds. Many researchers around the world have proposed
successful strategies such as elicitation to find the optimal environmental conditions during sprout
growth able to promote the desired outcomes.

This Special Issue includes six outstanding papers describing examples of the most recent advances
in new applications of sprouted seeds or products derived thereof, evaluations of the nutritional value,
phytochemical composition and microbiological quality of sprouts during production or storage and
explorations of their bioactive and techno-functional properties.

The Special Issue gathers a group of three papers exploring the biochemical composition, nutritional
and bioactive properties as well as microbial safety of sprouts obtained from lentil seeds. In this frame,
Santos et al. [1] conducted a study aimed at evaluating the protein and mineral profile of sprouts
obtained from 12 lentils varieties. Protein, Zn, Mn, Ca and K contents were positively affected by
sprouting in most of the lentil varieties studied, suggesting the potential of sprouting technology

Foods 2020, 9, 790; doi:10.3390/foods9060790 www.mdpi.com/journal/foods1
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to improve the nutritional value of legumes. The authors also implemented a disinfection protocol
combining SDS reagent and Amukine® application in order to ensure the microbial safety of lentils
sprouts without affecting the germination rate and sprout length. Rebollo-Herran et al. [2] focused their
research on the evaluation of the impact of lentil sprout intake on the plasmatic levels of melatonin
and metabolically related compounds, total phenolic compounds and plasmatic antioxidant status
compared to synthetic melatonin. The described results evidence that sprouting enhanced the levels of
melatonin, decreasing the content of phenolic acids and flavan-3-ols in lentil. The administration of
lentil sprouts to Sprague Dawley rats effectively increased the melatonin levels and antioxidant status
in plasma, providing interesting insight on the beneficial effects of lentil sprouting on the attenuation
of plasmatic oxidative stress mediated by melatonin. Sikora et al. [3] isolated and characterized
polyphenol oxidase isoenzymes (I and II) from stored lentil sprouts and the mechanism of inhibition of
these enzymes by antibrowning compounds and cations. The supplementation of sprouts with metal
ions (Zn2+, Mn2+, Fe3+) and/or inhibitors (ascorbic acid, citric acid) revealed to be an effective method
to decrease the activity of polyphenol oxidase isoenzymes and to prevent enzymatic browning of lentil
sprouts during storage and processing.

The Special Issue follows with a short series of articles describing the influence of sprouting on
the chemical composition, bioactive and techno-functional properties of cereal flours and milling
by-products. In this context, the study of Rico et al. [4] described the optimization of germination
conditions to produce barley flour with a superior quality. The results reveal the applicability of
sprouting in selected conditions as a valuable strategy to increase the nutritional value, phytochemical
content and health benefits of barley. As a result, the authors obtained novel flours from sprouted
barley enriched in vitamins, protein, gamma-aminobutyric acid (GABA) and antioxidant compounds.
With the same objective, Cardone et al. [5] designed a study aimed at exploring the effect of sprouting
on the chemical composition, enzymatic activities, techno-functional properties and bread-making
performance of wheat bran, a milling by-product. The obtained results indicate that sprouting
triggers positive nutritional changes in wheat bran by decreasing the antinutritional compounds
and increasing the fiber content. Techno-functional properties such as water-holding capacity and
gluten-aggregation kinetics were also improved as a consequence of the sprouting process, providing
valuable characteristics to be used for bread formulation. The authors also demonstrate that breads
formulated with wheat bran at a 20% of replacement level are enriched in fiber and show high-quality
traits in terms of bread volume and crumb softness. This study evidences that sprouting offers
interesting possibilities for the valorization of wheat milling by-products.

Another study conducted by Damazo-Lima et al. [6] reported the chemopreventive potential
against colorectal cancer of sprouted oat and its phenolic-avenanthramide extract in a mouse model.
Sprouted oat and its phenolic extract are valid chemopreventive ingredients when administered to
animals since both reduce inflammation and tumor and adenocarcinoma incidence. Interestingly,
sprouted oat exhibited a superior chemopreventive effect over its phenolic extracts, providing
experimental evidence for a novel application of sprouted oat as a functional food for colon
cancer prevention.

To conclude, the present Special Issue consists of six papers addressing recent advances on the
nutritional, bioactive, techno-functional and safety aspects of sprouted grains and their derived flours
and by-products, providing insightful information for both the food industry and consumers.

Author Contributions: Conceptualization, E.P. and C.M.-V.; validation, E.P. and C.M.-V.; resources, E.P. and
C.M.-V.; writing—original draft preparation, E.P. and C.M.-V.; writing—review and editing, E.P. and C.M.-V.;
visualization, E.P. and C.M.-V.; supervision, E.P. and C.M.-V.; funding acquisition, E.P. and C.M.-V. All authors
have read and agreed to the published version of the manuscript.

Funding: This editorial letter has been prepared within the frame of grant number AGL2017-83718-R funded by
FEDER/Ministry of Science, Innovation and Universities-State Agency of Research (AEI/Spain and FEDER/UE).
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Abstract: Biological and vegetarian raw food products, in particular based on legume sprouts, are
an increasing food trend, due to their improved nutritional value when compared to seeds. Herein,
protein and mineral profiles were studied in 12 lentil varieties, with varieties Du Puy, Kleine Schwarze,
Rosana, Flora, Große Rote and Kleine Späths II demonstrating the highest protein percentages. After
sprouting, protein percentages increased significantly in 10 of the 12 varieties, with the highest
increases ranging between 20–23% in Dunkelgrün Marmorierte, Du Puy, Große Rote and Kleine
Späths II varieties. While Fe concentration was significantly decreased in three varieties (Samos,
Große Rote and Kleine Späths II), Zn and Mn were positively impacted by sprouting (p ≤ 0.05).
Magnesium concentration was not affected by sprouting, while Ca and K had percentage increases
between 41% and 58%, and 28% and 30%, respectively, in the best performing varieties (Kleine
Schwarze, Dunkelgrün Marmorierte, Samos and Rosana). Regardless of the associated nutritional
benefits, issues pertaining to sprouts microbiological safety must be ensured. The best results for the
disinfection protocols were obtained when combining the seed treatment with SDS reagent followed
by an Amukine application on the sprouts, which did not affect germination rates or sprout length.
The increasing levels of sprout consumption throughout the world require efficient implementation
of safety measures, as well as a knowledge-based selection for the nutritional quality of the seeds.

Keywords: food safety; legumes; microbial contamination; protein; mineral

1. Introduction

The consumption of legume seeds and germinated sprouts is increasing, being considered
“functional foods” due to their increased nutrient availability and bioactive compounds [1,2].
Furthermore, sprouting the seeds has beneficial effects over seed quality, namely increasing digestibility
and reducing the content of resistant starch and anti-nutritive compounds [3].

Lentil (Lens culinaris L.), in addition to having high protein content, low caloric value and high
levels of essential nutrients such as folate, vitamin C and fibre [4], has as an advantage, when compared
to other legumes and cereals, of very low phytic acid concentration [5], as well as high total phenolic
levels [6]. Hence, this legume is a good source of amino acids, nutrients and high-quality protein [7].

Foods 2020, 9, 400; doi:10.3390/foods9040400 www.mdpi.com/journal/foods5
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Additionally, studies link lentil consumption with decreased body weight and body fat [8] and
antihypertensive function [9].

Although legumes are considered a healthy option, over the years there have been pathogenic
outbreaks associated with the consumption of seeds and raw sprouts [10–12]. Many of these outbreaks
occur following seed and seed sprout consumption contaminated with Escherichia coli, Salmonella spp.
and sometimes Listeria monocytogenes [11,13]. For example, in 2011 an E. coli outbreak in Germany
was originated from contaminated seeds from Egypt. Another outbreak that occurred in Canada in
2005, linked to the consumption of contaminated sprouts, resulted in 600 people infected [14]. These
cases demonstrate that seeds and sprouts can be easily contaminated, as also shown in a recent study
where L. innocua, Salmonella spp. and coliform bacteria were found in microgreens and seed sprouts
in Latvia [15]. Moreover, consumer demand for food that marketed as natural has resulted in the
reduction of pesticides and other compounds, making it more likely to encounter infected seeds.

It is therefore necessary to ensure the safety of these products by developing methods that the
consumer can use in the washing and disinfection of these foods at home, because they are usually
consumed raw or lightly cooked [15,16]. Common household disinfection methods include hot water,
acetic acid and Amukine applications, whereas sodium dodecyl sulphate (SDS), sodium hypochlorite
and ethanol are common reagents used in laboratory applications for material disinfection [17].

The main objectives of this study were to comprehend the impact of sprouting on the nutritional
profile of a collection of 12 lentil varieties and to understand the efficacy of different disinfection methods
at eliminating E. coli and Salmonella spp. in both seeds and seed sprouts, without compromising
germination percentage and sprout length.

2. Materials and Methods

2.1. Plant material and Seed Germination

A field trial was set up at the research station Kleinhohenheim that is located in south-west
Germany near the city of Stuttgart (48◦44’N, 9◦11’O; 435 m a.s.l.). The research station has been managed
organically since 1993. The climate is temperate (Cfb according to Köppen-Geiger classification [18])
and, during the experiment, which occurred from 6th April 2016 to 28th July 2016, the mean temperature
was 14.9 ◦C and the sum of precipitation was 264 mm. At the summer solstice, there were 16 h 7 min
between sunrise and sunset at the location. The soil type of the field was a loess-born silty loam with
good drainage, with a pH of 6.3, total mineral N of 48 kg/ha and 9 mg/100 g of P2O5, 18 mg/100 g of
K2O and 12 mg/100 g of Mg. In April 2016, the area was prepared for seeding by a rotor harrow and 12
lentil germplasms were sown by hand in double rows of 1 m length with a row spacing of 15 cm, and a
target plant density of 240 lentil plants m−2. To avoid lodging, a fence of mesh wire was installed for all
plots where the lentils fixed themselves by their tendrils. During the experimental period, the plants
were healthy and did not present any signs of diseases or infestations. Twelve different lentil varieties
were harvested and stored at 4 ◦C until further studies: 1—Dunkelgrün Marmorierte; 2—Du Puy;
3—Thessalia; 4—Dimitra; 5—Samos; 6—Kleine Schwarze; 7–Rosana; 8—Flora; 9—Santa; 10—Große
Rote; 11—Kleine Rote; 12—Späths Alblinse II ‘Die Kleine’.

Seeds were germinated according to the protocol used by Shanmugam et al. [19]. Briefly, 50 seeds
were placed in a beaker, covered with 70 % ethanol, and left for five minutes with agitation. The ethanol
was discarded and a solution of 1.2% sodium hypochlorite and 0.02% SDS was added to cover the
seeds and was left for 15 minutes with agitation. The solution was discarded and seeds were rinsed
five times with deionized water. Afterwards, the seeds were germinated in Petri dishes with two
bottom layers of paper filter moistened with deionized water, in the dark, at room temperature. At
the end of five days, the lentil sprouts were stored in liquid nitrogen and then lyophilized for the
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nutritional analyses. This experiment was conducted in triplicate for all 12 varieties. To calculate the
percentage of germination the following formula was applied:

% germination =
sprouts

total seeds
∗ 100 (1)

2.2. Nutritional Analysis

Samples of seeds and seed sprouts of the 12 lentil varieties (n = 3) were analysed for minerals and
protein. Mineral analysis determination was performed as described by Santos et al. [20]. The minerals
analysed were iron (Fe), zinc (Zn), manganese (Mn), magnesium (Mg), calcium (Ca) and potassium
(K). Briefly, 200 mg of the dried seed or seed sprout material was mixed with 6 mL of 65% HNO3

and 1 mL of 30% H2O2 in a Teflon reaction vessel and heated in a SpeedwaveTM MWS-3+ (Berghof,
Germany) microwave system. Digestion procedure was conducted in five steps, consisting of different
temperature and time sets: 130 ◦C/10 min, 160 ◦C/15 min, 170 ◦C/12 min, 100 ◦C/7 min, and 100 ◦C/3 min.
The resulting clear solutions of the digestion procedure were then brought to 50 mL with ultrapure
water for further analysis. Mineral concentration determination was performed using the ICP-OES
Optima 7000 DV (PerkinElmer, Waltham, MA, USA) with radial configuration.

Seeds and seed sprouts were analysed for crude protein concentration (N × 5.28) using a Leco
nitrogen analyzer (Model FP-528, Leco Corporation, St. Joseph, MO, USA).

2.3. Preparation of Inocula and Seed Inoculation

To ensure seed contamination for optimizing seed disinfection methods, seeds of the Rosana
variety were inoculated according to the protocol used in [4]. In short, two solutions of 200 mL of
Buffered Peptone Water nutrient medium (BPW) were prepared with 2 mL of E. coli and 2 mL of
Salmonella spp. inocula. Using these solutions, 60 g were inoculated with E. coli 1.0 × 10−8 UFC/ml and
another 60 g were inoculated with Salmonella spp. 1.0 × 10−8 UFC/ml. Seed samples were incubated
for five minutes with gentle agitation. An additional 60 g of seeds was incubated with no bacteria
inocula as control. After decanting the supernatant, the seeds were placed on a tray lined with filter
paper and dried in a biosafety cabinet at room temperature (approximately 20 ◦C) for eight hours to
determine the seed bacterial load.

2.4. Seed Contamination Evaluation

Seeds—inoculated and control—were placed in different sterile stomacher bags with buffered
peptone water (BPW) until making a 1:10 dilution. Afterwards, the seed samples went to the stomacher
in cycles of approximately 10 seconds at a time until a total of approximately one minute. The bacterial
load on untreated and treated Rosana seeds was determined by the plate count method. McConkey
Agar was used to plate E. coli and Rapid Agar Salmonella was used to plate Salmonella spp. Plates
were incubated at 37 ◦C for 24 h. The results obtained were then converted to UFC/mL by using the
following formula:

UFC/mL =
Number o f colonies ∗ dilution f actor

volume o f culture plate
(2)

2.5. Seed and Seed Sprout Disinfection Methods

Two methods of seed disinfection were compared: (1) 70% ethanol for five minutes followed by
15 minutes of a solution of 1.2% sodium hypochlorite and 0.02% SDS; and (2) hot water treatment [4],
which consisted of placing the seeds in deionized water at 80 ◦C for 90 s, followed by drying the seeds
on a sterile paper filter.

For the first method, 20 g of inoculated seeds with E. coli and Salmonella spp. were disinfected and
then the bacterial load on the seed was determined by the plate count method. The same procedure
was followed when testing the hot water method. Afterwards, the seeds were germinated following
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germination protocol described previously. The resulting sprouts were measured and went through
two more disinfection protocols: cleansing with water; and treatment with Amukine, following
manufacturer instructions: 15 min, 50 mL for 2.5 L of water. After these two procedures, the microbial
charge on the seeds and seed sprouts was determined by the plate count method.

2.6. Statistical Analysis

All data were analysed with GraphPad Prism version 6.00 for Mac OS X (GraphPad Software,
La Jolla, CA, USA [21]) using Tukey’s test.

3. Results and Discussion

3.1. Germination Efficiency

Germination efficiency and nutritional analyses were performed in the 12 lentil varieties to select
the best performing seed variety for the microbiology study.

Germination is a bioprocess in which dry pulse seeds move from a dormant state to a metabolically
and cellularly active state [22]. In Figure 1, the germination rates of each lentil variety were assessed
and Du Puy (88%), Rosana (93%), Kleine Rote (88%) and Kleine Späths II (89%) were the highest
performing varieties.

Figure 1. Germination rates of the 12 lentil varieties: 1—Dunkelgrün Marmorierte; 2—Du Puy;
3—Thessalia; 4—Dimitra; 5—Samos; 6—Kleine Schwarze; 7—Rosana; 8—Flora; 9—Santa; 10—Große
Rote; 11—Kleine Rote; 12—Kleine Späths II. The bars represent means ± SE (n = 3); different letters
indicate significant differences (p ≤ 0.05) by Tukey’s Test.

3.2. Nutritional Analysis

In terms of physicochemical properties, unlike other pulses, such as chickpea, fava bean or pea,
lentil germplasms are relatively stable and their pasting properties or hydration capacity vary little
across different accessions/varieties [23,24]. This is relevant since these characteristics are significantly
correlated to the nutritional quality of the seeds, herein analysed.

In the case of protein concentration, in the present study, a significant variation was found between
the lentil varieties (p ≤ 0.05), and this intraspecific variation was also observed in a different group of
12 lentil varieties analysed in a different study [25]. The mean protein concentration amongst seeds
was 24.4% and the highest measured varieties (with values above the mean) were Du Puy, Kleine
Schwarze, Rosana, Flora, Große Rote, Kleine Späths II.
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Furthermore, after seed germination, the protein concentration was highly increased in all lentil
varieties (Figure 2), and mean protein concentration in seed sprouts was 29%. For varieties with
significant variation between protein levels in seeds and seed sprouts, the ones with the highest
percentage increases were Dunkelgrün Marmorierte (23%), Du Puy (20%), Große Rote (22%) and
Kleine Späths II (20%). Comparative studies using different pulses also showed that lentil has the
highest protein content and that total protein values increase after germination [22,25]. In the present
study, protein was measured as total N content, which has been reported to remain unaltered by
germination [26]. Thus, the higher values of protein here reported are promising but should be
confirmed in future studies.

Figure 2. Protein concentration (%) of the seeds and seed sprouts of 12 lentil varieties: 1—Dunkelgrün
Marmorierte; 2—Du Puy; 3—Thessalia; 4—Dimitra; 5—Samos; 6—Kleine Schwarze; 7—Rosana;
8—Flora; 9—Santa; 10—Große Rote; 11—Kleine Rote; 12—Kleine Späths II. Bars represent means ± SE
(n = 3). * and ** indicate significant differences between seeds and seed sprouts at p ≤ 0.05 and p ≤ 0.01
respectively, by ANOVA using Tukey’s Test.

Regarding seed and seed sprout mineral concentrations, six nutrients were selected for the present
analysis. The selected micronutrients were Fe, Zn and Mn and the macronutrients Mg, Ca and K
(Table 1).

As observed in other studies [27], Fe concentration values were on average ~50 μg/g (Table 1).
The lentil varieties with highest Fe concentration (both in seeds and seed sprouts) were Thessalia,
Dimitra, Rosana, Flora and Kleine Rote. Germination process leads to a significant decrease in Fe
concentration of Samos (36%), Große Rote (11%) and Kleine Späths II (14%) varieties. This effect
of germination in Fe concentration has been reported in previous studies using different legumes
seeds, namely, soybean and kidney bean [28,29]. These studies showed that the seed Fe concentration
decrease was counterbalanced by a major improvement in the availability of Fe. The concentration of
the micronutrients Zn and Mn, on the contrary, were shown to be positively impacted by germination,
as obtained here (Table 1).
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More specifically, of the 12 varieties under analysis, only five did not register a significant increase
in Zn concentration after sprouting. In general, the varieties with higher Zn concentration were
Thessalia, Dimitra, Kleine Schwarze and Kleine Rote. Higher Zn concentration increases (p ≤ 0.0001)
were found in Dunkelgrün marmorierte (29%), Du Puy (21%), Samos (22%) and Kleine Späths II
(24%) varieties. In regards to Mn concentrations (Table 1), Thessalia, Große Rote and Kleine Rote
demonstrated the highest both in seeds and seed sprouts; and the varieties that presented a significant
increase after germination were Du Puy (108%), Rosana (64%), Große Rote (52%) and Kleine Rote
(42%). Legume germination is associated with a drastic reduction in phytate content, which in seeds
bind with minerals, forming insoluble complexes, making them unavailable [29,30].

Amongst the analysed macronutrients, Mg concentration was not affected by germination (Table 1),
similarly to what was found in a study using soybean seeds [29]. Calcium concentration, on the other
hand, was reported to increase approximately 55% in legume seeds after germination [30,31], as well
as its bioavailability [28]. In the present study, the varieties with the highest Ca concentration (Samos
and Kleine Rote) did not show variations after germination. The varieties in which Ca concentration
was significantly increased were Dunkelgrün Marmorierte (58%), Du Puy (56%), Kleine Schwarze
(41%) and Rosana (49%).

In terms of K concentrations, it was reported that soybean seed sprouts present a concentration
five-times higher when compared to dry seeds [29]. In the present study (Table 1), the varieties
with the highest K concentration were Thessalia, Kleine Schwarze, Santa and Große Rote. Seed
K concentration has been identified as a possible marker for germination capacity due to its role
in initiating the imbibition of water and facilitating the associated physiological processes [32,33].
Here, the varieties with the highest K concentration (Table 1) are not amongst the ones with significantly
higher germination rates (Figure 1); however, significant differences amongst varieties were few. Only
Rosana variety presented significant increases (30%) in K concentration after germination (Table 1).

As all 12 varieties were grown in the same field conditions, the differences detected in this study
are mainly genotypic. Interestingly, Dunkelgrün Marmorierte and Du Puy varieties, that share the
same genetic background, showed no significant differences for the analysed factors, both in the seeds
and seed sprouts. Knowledge on the correlation between genotypic variation and nutritional traits
can contribute to future breeding programs as well as for a targeted selection of the most appropriate
varieties for human consumption.

Between the four varieties with the highest germination rate—Rosana, Kleine Späths II, Kleine
Rote and Du Puy—and based on their percentage of protein and potential for mineral increase after
germination, the following studies proceeded with the Rosana variety.

3.3. Microbial Counting and Disinfecting Methods

Firstly, the impact of the seed disinfection treatments on lentil germination percentage was tested
(Table 2). It was found that in general, the germination efficiencies for all treatments and controls
were high, with most seeds germinating at over 90%. In general, there was no negative impact of
disinfection on germination efficiency, albeit the hot water treatment for Salmonella inoculated seeds
seems to have lowered the germination values by about 32.6% when compared to the non-disinfected
non-inoculated seeds and non-disinfected and inoculated seeds.

In order to test the different disinfection treatments, the seeds were artificially inoculated with
Salmonella spp. and E. coli. As shown in Table 3, disinfection with only hot water was efficient for
reducing E. coli (from 2.7 × 108 to 2.7 × 107 UFC/mL), as was SDS treatment for Salmonella spp. (from
1.1× 108 UFC/mL to ≤1.0 × 108 UFC/mL). Regarding sprouts, the reduction was more accentuated
when the combination of Amukine and SDS was applied, reducing 2 logs (corresponding to a 99%
reduction of bacterial load) for E. coli when compared to sprouts inoculated with no disinfection and
1 log logs (corresponding to a 90% reduction of bacterial load) for Salmonella spp.

11



Foods 2020, 9, 400

Table 2. Germination percentage after disinfection treatments in lentil seeds (variety Rosana) inoculated
with E. coli, Salmonella spp. and control.

Treatments
% Germination

E. coli Salmonella spp. Control

No disinfection/without inoculation - - 98.8

No disinfection/after inoculation 99.3 96.9 -

SDS disinfection 96.3 96.0 97.3

Water (80 ◦C) disinfection 95.5 65.3 82.3

Table 3. Microbial counting after disinfection treatments (UFC/mL) of lentil seeds and sprouts.

Treatments
Seeds Sprouts

E. coli Salmonella E. coli Salmonella

No disinfection/without inoculation ≤1.0 × 108 ≤1.0 × 108

No disinfection/with inoculation 2.7 × 108 1.1 × 108 1.8 × 108 1.4 × 108

SDS disinfection 1.1 × 108 ≤1.0× 108 11.4 × 108 2.7 × 108

Water (80 ◦C) disinfection 2.7 × 107 >3.0 × 108 2.1 × 108 1.2 × 108

Water (80 ◦C) +H2O rinse 9.0 × 107 9.4 × 107

Water (80 ◦C) + Amukine 9.8 × 107 8.0 × 107

SDS + H2O rinse 6.0 × 107 9.8 × 108

SDS + Amukine 3.9 × 106 5.6 × 107

In 1999, the U.S. Food and Drug Administration recommended the utilization of 20,000 ppm
of calcium hypochlorite for seed disinfection [34] and this is the method commonly used by sprout
manufacturers. However, this treatment was considered potentially hazardous to the environment
and industrial workers, and new efficient strategies are needed to improve sprout safety [16].

The products selected for this experiment are of easy access and are usually utilized for disinfection
since they have chemical constituents, such as hypochlorite (found in common household bleach and
Amukine) and ammonia, that act by denaturing bacterial proteins, similar to what happens when
exposed to high temperatures resulting in bacterial death [35], or when exposed to ethanol and sodium
hypochlorite. Here, some combinations of these treatments were tested to mimic and improve the
disinfections done in a domestic environment.

As shown in Table 1, in general, the germination rate was not affected by the treatments or
the inoculation with the pathogens, as they presented similar germination rates. However, seeds
inoculated with Salmonella spp. treated with only hot water showed lower rates of germination, of
about 65%. This could denote higher sensitivity of the seeds to this method. Also, the length of the
sprouts was not affected overall (data not shown). Hence, these treatments could be applied on the
seeds with relatively little impact on germination and growth processes.

The effect of the disinfection treatments on the bacterial load was also evaluated. In this study,
the reduction of microorganisms was expected, not only on the seeds but also after germination.
Overall, the treatment more suitable for microorganism reduction was disinfection of seeds with SDS
followed by Amukine treatment after germination.

In the case of seed decontamination, the protocol that showed better results—less microbiological
growth—in E. coli contamination was the one used in [4]. Treatment with hot water reduced the growth
of E. coli, showing that heat inactivation is effective for this pathogen, as also observed elsewhere [36].
On the other hand, Salmonella was more susceptible to SDS treatments, which reduced colony count to
below the detection levels.
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Concerning seed sprouts, the same was verified. For E. coli hot water was more effective than SDS
as in Barampuram et al. [37] and for Salmonella spp. the best results were obtained with a combination
of ethanol, sodium hypochlorite and SDS. This could be due to the fact that Salmonella spp takes longer
to be inactivated by the heat, making treatment with SDS more suitable for this pathogen.

Considering the seeds that suffered treatment before and after germination, Amukine combined
with SDS presented a reduction of 1 log for Salmonella spp. and 2 logs for E. coli, being the better
treatment for disinfection. Amukine works by denaturation of the cell’s proteins making them inactive
while washing the sprouts with water only dilutes the microorganism existent in the plant, making
this treatment not enough for proper disinfection.

4. Conclusions

Lentil is an affordable source of dietary plant-based protein and other nutrients and consuming
it as a sprout has several associated health advantages, as this process induces improved chemical
alterations. In the present study, 12 lentil varieties were analysed for their germination capacity and
nutritional composition. Germination rates ranged between 72% and 93% and Du Puy, Rosana, Kleine
Rote and Kleine Späths II were the highest performing varieties. In terms of protein, Du Puy, Kleine
Schwarze, Rosana, Flora, Große Rote and Kleine Späths II had the highest percentages. Of these, Du
Puy, Große Rote and Kleine Späths II showed a significant increase in protein concentration after
germination. Furthermore, the germination process also impacted micronutrient levels, especially
Zn and Mn, that were commonly increased in Du Puy variety. In regards to macronutrients, Ca was
increased in Dunkelgrün Marmorierte, Du Puy, Kleine Schwarze and Rosana.

To assess microbiological safety of the sprouts, different disinfection treatments were tested,
both for seeds and seed sprouts of Rosana variety. We also concluded that the most effective
method for disinfection was the application of 70% ethanol, 1.2% sodium hypochlorite and 0.02%
SDS before germination and Amukine afterwards. Seed decontamination for sprout consumption
remains a challenge to the sprout industry. Additionally, under common household conditions, seed
disinfection is usually neglected, increasing the risk of illness associated with foodborne pathogens in
contaminated sprouts.
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Abstract: Melatonin is a multifunctional antioxidant neurohormone found in plant foods such as
lentil sprouts. We aim to evaluate the effect of lentil sprout intake on the plasmatic levels of melatonin
and metabolically related compounds (plasmatic serotonin and urinary 6-sulfatoxymelatonin), total
phenolic compounds, and plasmatic antioxidant status, and compare it with synthetic melatonin.
The germination of lentils increases the content of melatonin. However, the phenolic content
diminished due to the loss of phenolic acids and flavan-3-ols. The flavonol content remained
unaltered, being the main phenolic family in lentil sprouts, primarily composed of kaempferol
glycosides. Sprague Dawley rats were used to investigate the pharmacokinetic profile of melatonin
after oral administration of a lentil sprout extract and to evaluate plasma and urine melatonin and
related biomarkers and antioxidant capacity. Melatonin showed maximum concentration (45.4 pg/mL)
90 min after lentil sprout administration. The plasmatic melatonin levels increased after lentil sprout
intake (70%, p< 0.05) with respect to the control, 1.2-fold more than after synthetic melatonin ingestion.
These increments correlated with urinary 6-sulfatoxymelatonin content (p < 0.05), a key biomarker of
plasmatic melatonin. Nonetheless, the phenolic compound content did not exhibit any significant
variation. Plasmatic antioxidant status increased in the antioxidant capacity upon both lentil sprout
and synthetic melatonin administration. For the first time, we investigated the bioavailability of
melatonin from lentil sprouts and its role in plasmatic antioxidant status. We concluded that their
intake could increase melatonin plasmatic concentration and attenuate plasmatic oxidative stress.

Keywords: melatonin; bioavailability; lentil sprouts; phenolic compounds; antioxidant status;
pharmacokinetics

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a multifunctional indoleamine acting as a
neurohormone and bioactive antioxidant synthesized from L-tryptophan via serotonin in both plants
and animals [1]. Melatonin is considered an excellent naturally occurring antioxidant, displaying free
radical and reactive species scavenging properties. Melatonin has been shown to detoxify different
(i) reactive oxygen species (ROS), e.g., singlet oxygen, hydrogen peroxide, and hydroxyl radicals;
reactive nitrogen species (RNS), e.g., peroxynitrite, and peroxynitrous acid, and nitric oxide; and (iii)
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reactive chlorine species (RCS), such as hypochlorous acid [2]. Additionally, melatonin upregulates the
expression and activity of several antioxidant enzymes, preserving the optimal function of mitochondria,
and contributing to the attenuation of oxidative stress [3]. Melatonin may be associated with the
prevention of chronic diseases related to aging and oxidative stress, including type-2 diabetes, obesity,
and cardiovascular diseases [4–7].

Besides the significant influence of the light-dark cycle, nutritional factors such as macro- and
micro- nutrient intake, meal timing, and type of diet can also modulate the concentration of melatonin
in plasma [8]. The inclusion of melatonin-rich plant foods in the diet may promote human health owing
to its biological activities and bioavailability [9,10]. Melatonin is broadly used as a food supplement
worldwide, including in the United States and Europe, to counteract physiologically diminished
activity of the pineal gland [11]. The European Food Safety Authority (EFSA) has established guidance
on regulating melatonin as a dietary supplement, unlike the U.S. Food and Drug Administration (FDA).
The EFSA only supports melatonin administration for the treatment of sleeping disorders and jet
lag. Moreover, certain European countries have restricted melatonin use to decreasing quantities [12].
Hence, the search for novel natural food sources of melatonin is the object of increasing interest.
Melatonin-rich food consumption could influence health by increasing the plasmatic melatonin levels
and improving antioxidant status [13].

Melatonin has been found in noteworthy concentrations in teas and herbal infusions [14], and other
foodstuffs such as grapes [15], olive oil, cereals, fruits, nuts [16], and legumes [17]. Fermentation food
processes increase melatonin concentration, as shown in beer and wine, among others [18]. Germination
has been commonly used for the enhancement of legume nutritional value. This processing significantly
diminishes the concentration of nonnutritional compounds, enhances the digestibility of proteins,
and modifies dietary fiber fractions. Furthermore, germination magnifies the content of bioactive
antioxidant compounds, including melatonin [19–21].

The bioavailability of plant-food-derived melatonin has been confirmed, with reported increments
in plasmatic melatonin levels upon consumption of enriched melatonin foods [22]. Synthetic melatonin
is absorbed in the gastrointestinal tract 45 min post-oral administration, following metabolism in the
liver. From 3 to 76% of melatonin consumed reaches the circulation, and it has a short half-life, t1/2
(i.e., about 20−40 min) [23]. Then, melatonin is mainly excreted as sulfated metabolites in the urine,
primarily as 6-sulfatoxymelatonin (aMT6s) [24]. Research on the bioavailability and pharmacokinetics
of dietary melatonin is quite scarce to date. Despite the influence of the food matrix and digestion
processes on the absorption of this amphipathic molecule, studies have revealed that the intake of
melatonin-rich foods gives rise to an increase in circulating melatonin concentrations [25,26].

Lentils are a source of bioactive compounds, including dietary fiber, protease inhibitors, lectins,
saponins, phytosterols, and phenolic compounds. Germination generally increases the content of
soluble components. Minor compounds found in lentils and lentil sprouts are considered to be
responsible for their health-promoting effects [27]. Lentils have been shown to possess a wide
range of biological activities demonstrated not only in vitro, but also in vivo and by clinical trials;
antioxidant, antidiabetic, antiobesity, cardioprotective, and cancer-preventive are the most remarkable
properties [28].

Therefore, we aimed to evaluate the influence of the intake of lentil sprouts on the plasmatic
concentration of melatonin and metabolically related compounds (plasmatic serotonin and urinary
6-sulfatoxymelatonin), as well as total phenolic compounds and the effects on plasmatic antioxidant
status in comparison to synthetic melatonin administration.

2. Materials and Methods

2.1. Materials

Synthetic melatonin (> 99%), Folin-Ciocalteu reagent, gallic acid (> 96%), Na2CO3,
3′,6′-dihydroxyspiro[isobenzofuran-1(3H),9′-[9H]xanthen]-3-one (fluorescein), 2,2-azobis (2-methyl-
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propionamidine)-dihydrochloride, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), and FeCl3 were obtained from Sigma-Aldrich (St. Louis,
MO, USA). All other chemicals and reagents were obtained from VWR (Barcelona, Spain) unless
otherwise specified. Melatonin, 6-sulfatoxymelatonin, and serotonin ELISA kits were obtained from
IBL-International (Hamburg, Germany). Male Sprague-Dawley rats (3 weeks old) were acquired at the
Animal House Facility of the Universidad Autónoma de Madrid (Madrid, Spain). Diet was purchased
from Safe (Augy, France). Raw lentils (Lens culinaris L., var. Castellana) were provided by the Institute
of Food Science, Technology and Nutrition (ICTAN-CSIC, Madrid).

2.2. Lentil Sprout Extracts

Lentils were germinated following the procedure described in Aguilera et al. [29]. This process
presented good viability, with 96% germination. Lentil sprouts were frozen, freeze-dried, ground,
packed in plastic bags, and stored at −20 ◦C. The analysis of sprouts was carried out in triplicate
to determine the melatonin and phenolic compound contents, as well as the in vitro antioxidant
capacity, as described previously [29]. Melatonin was measured using HPLC-ESI-MS/MS, whereas
total phenolic compounds were evaluated using the Folin-Ciocalteu method, and in vitro antioxidant
capacity was measured by the ORAC method, using spectrophotometric methods; the phenolic profile
was characterized suing HPLC-DAD-MS/MS techniques (Figure 1A). The extract from lentil sprouts
was prepared by mixing lentil sprout flour (20 g) with ethanol (150 mL) and shaking for 16 h at 4 ◦C
in darkness. The mixture was sonicated for 15 min and filtered with vacuum through 11 μm filters
(Whatman). The extract was evaporated at 30 ◦C to dryness and dissolved in 3 mL phosphate-buffered
saline (PBS) buffer to achieve the dose. A synthetic melatonin solution was prepared in PBS to deliver
the same dose of the lentil sprouts extract.

Figure 1. Schematic diagram of the experiments design of this research: (A) Lentils were germinated for
six days, and phytochemicals (melatonin and phenolic compounds) were extracted and characterized,
as was the in vitro antioxidant capacity of the product. Lentil sprouts were given to rats and
plasma and urine were used for the measurement of melatonin, serotonin, 6-sulfatoxymelatonin
(immunochemically), and phenolic compounds and the in vitro antioxidant capacity following the
protocol here illustrated: (B) The first group of rats fasted for 12 h. They were then administered a lentil
sprout extract via gavage followed sequential blood extraction for the pharmacokinetic study. Groups
2–5 were used in the bioavailability/bioactivity study and subjected to different feeding conditions: ad
libitum standard rat chow (Control), 12 h fasting (Fasting), Lentil sprout ingestion after a 12 h fasting
(Lentil Sprouts), and the administration of a melatonin solution (MEL) after 12 h fasting, followed in all
the cases by blood and urine sampling.

2.3. Extraction and Analysis of Phenolic Compounds in Raw Lentils and Lentil Sprouts

2.3.1. Extraction of Free and Bound Phenolic Compounds

For free phenolic compound extraction, freeze-dried samples (1 g) were macerated in methanol:
HCL (1%�)–water 80:20 (v/v) at 4 ◦C for 16 h. Subsequently, they were centrifuged at 4000 g and 4 ◦C
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for 20 min. The extraction process was performed twice. The extracts were combined and concentrated
at 30 ◦C under a vacuum for methanol evaporation. For the extraction of bound phenolics, the residues
from the above free phenolic compounds extraction were flushed with N2 and hydrolyzed directly
with 10 mL of 4 M NaOH at room temperature for 1 h with shaking. The mixture was acidified to pH
2 with concentrated HCl (8M), centrifuged at 4000 g and 4 ◦C for 20 min, and extracted three times
with 1:1 ethyl ether: ethyl acetate. The organic fractions were evaporated to dryness at 30 ◦C under a
vacuum. For phenolic analysis, the dry extracts were dissolved in 10 mL of water. For purification, an
aliquot (4 mL) was passed through a C18 solid-phase extraction (SPE) cartridge (Waters, Milford, MA,
USA), and phenolic compounds were eluted with methanol. Afterward, extracts were concentrated
under a vacuum in a rotary evaporator (30 ◦C) and then dissolved in aqueous 0.1% TFA:acetonitrile
(90:10 v/v) for phenolic compound analysis. The total content of phenolic compounds was obtained as
the sum of free and bound phenolics.

2.3.2. HPLC–DAD–ESI/MSn qualitative and quantitative analyses of phenolic compounds

Samples were analyzed using a Hewlett-Packard 1100MS (Agilent Technologies, Palo Alto, CA,
USA) chromatograph equipped with a quaternary pump, and a diode array detector (DAD) coupled
to an HP Chem Station (rev. A.0504) data-processing station. Solvents used were 0.1% formic acid
in water (solvent A) and 100% acetonitrile (solvent B). The elution gradient established was 15% B
for 5 min, 15–20% B for 5 min, 20–25% B for 10 min, 25–35% B for 10 min, 35–50% B for 10 min, and
re-equilibration of the column. The separation of phenolic compounds was performed in a Spherisorb
S3 ODS-2 C8 column (Waters, Milford, USA) (3 μm, 150 mm × 4.6 mm i.d.) operating at 35 ◦C and a
flow rate of 0.5 mL/min. Double online detection was carried out in the DAD using 280 nm and 370 nm
as preferred wavelengths. A mass spectrometer (MS) connected to the HPLC system via the DAD cell
outlet was used and detection was performed in an API 3200 Qtrap (Applied Biosystems, Darmstadt,
Germany) equipped with an ESI source, triple quadrupole-ion trap mass analyzer and controlled by
the Analyst 5.1 software. The setting parameters were zero grade air as the nebulizer gas (30 psi), turbo
gas for solvent drying (400 ◦C, 40 psi), and nitrogen served as the curtain (20 psi) and collision gas
(medium). The quadrupoles were set at unit resolution. The ion spray voltage was set at −4500 V in
the negative mode. The MS detector was programmed to perform a series of two consecutive modes:
enhanced MS (EMS) and enhanced product ion (EPI) analysis. EMS was employed to show full scan
spectra to give an overview of all the ions in the sample. The settings used were declustering potential
(DP) −45 V, entrance potential (EP) −6 V, and collision energy (CE) −10 V.

Spectra were recorded in negative ion mode between m/z 100 and 1000. EPI mode was further
performed to obtain the fragmentation pattern of the parent ion(s) of the previous experiment using
the following parameters: DP: −50 V, EP: −6 V, CE: −25 V, and collision energy spread (CES) 0 V. The
phenolic compounds were characterized according to their UV and mass spectra and retention times,
and comparison with authentic standards when available. For quantitative analyses, calibration curves
were prepared by injection of known concentrations of different standard compounds.

2.4. Animals Care and Diet

Experiments were performed in Sprague Dawley rats. All experimental procedures were approved
by the Ethics Review Board of Universidad Autónoma de Madrid and conformed to the Guidelines for
the Care and Use of Laboratory Animals (NIH publication No. 85–23, revised in 1996), the Spanish
legislation (RD 1201/2005) and the Directive 2010/63/EU on the protection of animals used for scientific
purposes. The rats were housed under controlled conditions of 22 ◦C, 40% relative humidity, and
12/12 h light/dark photoperiod. After weaning (day 21–29), rats were kept for 20−25 days under a
reversed light/dark cycle (Figure 1; Table 1). They were fed ad libitum with a breeding diet (SAFE
A03) containing 51.7% carbohydrates, 21.4% protein, 5.1% lipids, 3.9% fiber, 5.7% minerals, and 12.2%
humidity. Drinking water was sterilized by UV, mechanical, and chemical treatments, and provided
ad libitum in all cases. All the animals were housed in buckets on aspen wood bedding, which was
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replaced once a week. The health and welfare of the animals were monitored by staff at least once a
day. Monitoring of animals’ health ensured that they were free of any pathogens that may interact
with any of the parameters studied.

Table 1. Experimental conditions for the pharmacokinetic and bioavailability/bioactivity studies
considering the intervention, rat population, date of entrance and time into inverse photoperiod,
sampling day, mean group weight on the day of the experiment, and sampling time.

Pharmacokinetic
Study

Bioavailability and Bioactivity Study

Control Fasting Lentil Sprout MEL

Group 1 2 3 4 5

Intervention 12 h-fast
Lentil sprout None 12 h-fast 12 h-fast

Lentil sprout
12 h-fast

Melatonin
Rat population (N) 8 ♂ 10 ♂ 10 ♂ 10 ♂ 10 ♂

Entrance into inverse
photocycle (day) 23 21 24 29 29

Time in inverse
photocycle (days) 22 25 20 20 21

Sampling day 45 46 44 49 50
Weight (g) 195 ± 11 203 ± 11 197 ± 9 198 ± 10 202 ± 8

Sampling time 10:00 to 14:00 11:00 11:00 11:00 11:00

2.5. Pharmacokinetic Study

In a pharmacokinetic study, rats (n = 8) were orally administered with a single dose (50 μg
melatonin/kg) of lentil sprouts extract via gastric gavage. Animals were previously fasted for 12 h
but had free access to water before the experiment. Blood samples were withdrawn at 0, 60, 90, 120,
180, and 240 min after dosing through sublingual bleeding and transferred to vials containing 5%
heparin, centrifuged at 4 ◦C for 15 min at 3000 g. Pharmacokinetic parameters were calculated using the
PKSolver [30]. The area under the curve (AUC) is the integral of the plasma concentration of an altered
drug against an interval of definite time. Pharmacokinetic parameters including plasma elimination
rate constant (Ke), elimination half-life (t1/2), time to reach measured maximum plasma concentration
(Tmax), measured maximum plasma concentration (Cmax), area under the plasma concentration-time
curve from the time zero to the time of last quantifiable concentration (AUC0–t), area under the plasma
concentration-time curve from time zero to infinity (AUC0–∞), area under the plasma (first) moment
concentration-time curve from time zero to infinity (AUMC0–∞), mean residence time (MRT), volume
of distribution (VD/F), and clearance (Cl/F) were determined by noncompartmental methods.

2.6. Bioavailability and Bioactivity Study

To measure the bioavailability and biological activity of melatonin from lentil sprouts, rats were
grown as previously described until day 44–50. At the end of this period, the rats were subjected
to four different feeding conditions (n = 10 per group): standard rat chow without extract (Control),
a 12 h-fasting period without extract (Fasting), a 12 h fasting period followed by administration of
lentil sprout extract (50 μg melatonin/kg) (Lentil Sprouts), or a 12 h fasting period followed by the
administration of 50 μg synthetic melatonin/kg solution (MEL). Each of the four groups (10 rats) was
administered the treatment and sacrificed on a different day. Weights were similar on the day of
treatments. Having a small number of rats, we were able to diminish the influence of rat photoperiod
(changes in melatonin content due to light cycles). The administration was performed through a
gavage using a suitable intubation cannula. After that, the rats were individually caged, and a cling
film was placed below the cage to obtain the urine samples. After 90 min of extract administration,
all rat groups were anesthetized by CO2. Urine was collected from the cling film with a pipette and
transferred to a vial. All experiments were carried out at 11 a.m., which was the peak time of melatonin
production under the light/dark cycle. The blood was collected by cardiac puncture, transferred to vials
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containing 5% heparin, and centrifuged at 4 ◦C for 15 min at 2100 g. The plasma was then divided into
aliquots into 1 mL vials and kept frozen at −80 ◦C to assess several biomarkers related to melatonin
metabolism. Before the analysis of melatonin, serotonin, aMT6s, and total phenolic compounds,
samples were defrosted on ice in the dark. Phytochemicals and metabolites were isolated using SPE.
First, plasma and urine samples were centrifuged at 15000 g for 4 min at 4 ◦C. Then, samples were
filtered using C18 SPE cartridges (Waters, Cerdanyola del Vallès, Spain). Finally, the eluted obtained
fractions were evaporated to dryness (Speed Vac SC 200, Savant Instruments, Farmingdale, NY, USA)
and reconstituted before being assayed. According to the volume obtained, the analyses were carefully
designed to maximize the use of biological samples; aliquots were employed to measure melatonin,
6-sulfatoxymelatonin, serotonin, total phenolics, and the in vitro antioxidant capacity.

2.7. Melatonin Determination

Plasma residues were dissolved in Milli-Q water, and melatonin levels were determined by a
competitive enzyme immunoassay kit (Catalog No. RE54021, IBL) according to the manufacturer’s
guidelines. The kit is characterized by an analytical sensitivity of 1.6 pg/mL and high analytical
specificity (low cross-reactivity).

2.8. 6-Sulfatoxymelatonin (aMT6s) Determination

Urine residues were dissolved in tris-buffered saline (TBS) and protected from direct sunlight.
aMT6s levels were determined by a competitive enzyme immunoassay kit (Catalog No. RE54031, IBL)
according to the manufacturer´s instructions. The assay sensitivity was 1.0 ng/mL.

2.9. Serotonin Quantification

Plasma residues were dissolved in Milli-Q water, and serotonin levels were determined by a
competitive enzyme immunoassay kit (Catalog No. RE59121, IBL) according to the manufacturer´s
guidelines. The kit is characterized by an analytical sensitivity of 2.68 ng/mL and high analytical
specificity (low cross-reactivity).

2.10. Total Phenolic Compounds (TPC)

Plasma residues were dissolved in Milli-Q water, and total phenolic compounds were determined
by Folin-Ciocalteu colorimetric method, according to Singleton et al. [31] using gallic acid as standard.
Samples (10 μL) were added to 150 μL of Folin-Ciocalteu reagent (diluted 1:15, v/v in Milli-Q water).
After exactly 3 min, 20% Na2CO3 (50μL) was added to each well. After 120 min at room temperature, the
absorbance of the blue complex was measured at 760 nm using a microplate reader. The concentration
of total phenolic compounds was expressed as mg GAE/mL.

2.11. ORAC (Oxygen Radical Absorbance Capacity)

The above plasma samples were used to determine the radical scavenging activity via the ORAC
method using fluorescein as a fluorescence probe [14]. The assay was performed at 37 ◦C in 75 mM
phosphate buffer (pH 7.4). The reaction mixture (200 μL) contained fluorescein (70 nM), 2,2-azobis
(2-methyl-propionamidine)-dihydrochloride (12 mM), and samples (Trolox or samples). Fluorescence
was read at 485/520 nm, excitation/emission, respectively. Black 96-well untreated microplates (PS
Balck, Porvair, Leatherhead, UK) were used. The fluorescence signal was measured every minute for
80 min after automatic shaking. All reaction mixtures were prepared in triplicate, running them at least
three times independently. Fluorescence was normalized to the oxidation control (phosphate buffer)
and stability control (no antioxidant). The ORAC values were expressed as mM Trolox equivalents
(mM TE) according to the protocol previously described [14].
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2.12. FRAP (Ferric Reducing Antioxidant Power)

The plasma samples were also used to assess the reducing antioxidant potential using the FRAP
assay, as previously described [14]. Briefly, 300 μL of a working FRAP reagent [acetate buffer 0.3 M pH
3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3·6H2O (10:1:1) (v/v/v)] were tempered to 37 ◦C, and
then 10 μL of plasma samples were added. The absorbance was taken at 593 nm against reagent blank
after 10 min. FRAP values were calculated and reported as μM Trolox equivalents (μM TE).

2.13. Statistical Analysis

Each sample was analyzed in triplicate. Data were reported as mean ± standard deviation (SD).
The data were analyzed using the T-test or by one-way analysis of variance (ANOVA) and post hoc
Tukey test. Relationships between the analyzed parameters were evaluated by computing Pearson
linear correlation coefficients setting the level of significance at p < 0.05, p < 0.01, and p < 0.001.
The statistical analysis was performed by SPSS 23.0.

3. Results and Discussion

3.1. Lentil Sprouts are a Source of Melatonin and Antioxidant Phytochemicals

Lentil sprouts germinated for 6 days exhibited high amounts of melatonin (1.01 μg/g) and phenolic
compounds (TPC accounted for 3.47 mg/g) (Table 2). The melatonin concentration underwent a drastic
increase (more than 2000-fold) compared to that of raw lentils. Germination induced a significant
(p < 0.05) increment in the content of this indoleamine, which has also been seen in other legumes and
sprouted vegetables [17]. The concentration of melatonin in these germinated lentils is considered
higher than the content in other plant foods [32]. Melatonin has also been found in outstanding levels
in fruits, coffee, and its by-products, or fermented foods like wine and beer [33,34]. Nonetheless,
the concentration of phenolic compounds (TPC) exhibited a slight decrease (28%), mainly due to the
loss of FPC (30% reduction). The proportion free phenolics:bound phenolics (FPC: BPC) remained
unchanged. This reduction has also been reported by other authors, not only in lentils [35], but also in
beans or chickpeas [36]. The decrease of free phenolics during germination can be associated with
their capacity for scavenging ROS in the plant cell during germination. Likewise, phenoloxidase and
peroxidase enzymes, triggered during germination, might cause a diminution in the concentration of
free phenolics [37].

Table 2. Melatonin content, free (FPC), bound (BPC), and total phenolic compounds (TPC), FPC: BPC
ratio, and in vitro antioxidant capacity measured by the ORAC method in raw lentil and lentil sprouts
and the equivalence of the dose of lentil sprouts given to rats.

Melatonin
(μg)

FPC
(mg GAE)

BPC
(mg GAE)

TPC
(mg GAE)

FPC: BPC
(ratio)

ORAC
(μmol TE)

Raw lentils (per g) (0.46 ± 0.06) · 10-3 4.50 ± 0.17 0.38 ± 0.02 4.88 ± 0.19 (12 ± 1):1 20.24 ± 1.54
Lentil sprouts (per g) 1.01 ± 0.09 *** 3.15 ± 0.21 ** 0.32 ± 0.03 * 3.47 ± 0.24 ** (10 ± 2):1 77.23 ± 5.78 ***

Dose (per kg) 50.0 155.9 51.0 171.8 - 52.0

Results are reported as mean ± SD (n = 3). Mean values followed by superscript asterisks significantly differ (raw vs.
sprouted lentils) when subjected to T-test (* p < 0.05, ** p < 0.01, *** p < 0.001)

Because of the changes produced by germination, the antioxidant capacity of the germinated
lentils was higher (3.8-fold) in contrast to the potential of raw lentils. The in vitro antioxidant capacity of
this product can be considered high in comparison with other legumes or plant-foods [38]. Germination
has been shown to be a cost-effective and sustainable strategy to increase the antioxidant capacity of
legumes [39]. Therefore, germinated lentils were selected to evaluate melatonin bioavailability and
their influence on the plasmatic antioxidant status due to their higher content in melatonin and their
higher in vitro antioxidant capacity.
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Germination Decreased the Concentration of Phenolic Acids and Flavan-3-ols, Preserving Flavonols

A more comprehensive analysis of the antioxidant phytochemicals found in raw lentils and lentil
sprouts demonstrated a profound modification in the phenolic profiles of these products (Table 3).
The retention time (Rt), wavelengths of maximum absorption in the visible region (λmax), molecular ion,
and fragment ion pattern allowed us to identify a total of twenty-two phenolic compounds, including
hydroxybenzoic and hydroxycinnamic acids, catechins and procyanidins (flavan-3-ols), and flavonols
and flavanones. Major free phenolic compounds in raw lentils were catechins and procyanidins (56%)
(Figure 2, Table 3), whereas in the bound fraction, a high proportion of hydroxybenzoic acids (35%)
was also present together with catechins (45%). The germination of lentils produced a significant loss
of phenolic (hydroxybenzoic and hydroxycinnamic) acids (p < 0.01) and flavan-3-ols (p < 0.001) in
the free phenolic fraction. In the bound phenolic fraction, the decreases were more remarkable for
catechins (65% reduction, p < 0.001), leading to an increase in the proportion of hydroxybenzoic acids
(1.4-fold increase). Concerning the load of total phenolics, the only differences were found for the
proportion of flavonols and catechins; catechins decreased (from 55 to 41%) while flavonols increased
(from 34 to 48%).

Figure 2. Distribution of different phenolic groups (hydroxybenzoic acids, hydroxycinnamic acids,
catechins and procyanidins, and flavonols and flavanones) in the free, bound, and total phenolic
fractions of raw and germinated lentils.
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The main free phenolic compounds found in raw lentils were kaempferol dirutinoside, (+)-catechin
3-O-hexoside, and (+)-catechin (408.6, 298.6, and 263.0 μg/g, respectively) (Table 3). These compounds
underwent a substantial reduction during germination (25, 31, and 43%, respectively), leading up
to increases in the concentrations of other kaempferol derivatives. During germination, glucosidase
activity is enhanced, resulting in a loss of the glycosidic forms of phenolic compounds [40].
β-Glycosidases, upregulated during germination, catalyzes the hydrolysis of β-glycosidic di- and
other glycoside conjugates from phenolics, thus releasing both the sugar moiety and the aglycone [40].
Here, we observed an increase in the concentration of both kaempferol rutinoside rhamnoside isomers
(2.2-fold) and primarily kaempferol rhamnoside (6.6-fold), produced from the elimination of one
glucose or one rutinose (6-O-rhamnosil-glucose) molecules, respectively. Likewise, germination
brought about a decrease in the concentration of procyanidin and prodelphinidin dimers, which
was also observed by Lopez et al. [41]. Concerning bound phenolics, besides the losses in catechin
due to germination, a slight decrease (33%, p < 0,05) was shown in the content of total flavonols,
mainly due to the reduction in the concentration of kaempferol dirutinoside (p < 0.01) even though
the content of kaempferol rhamnoside increased 1.8-fold (p < 0.0001). The content of total phenolics
significantly diminished (33%, p < 0.001), following a similar trend to that observed for the TPC content.
Besides that, the content of total phenolic compounds measured using HPLC-DAD-MS/MS strongly
correlated (r = 0.9980, p < 0.001) with the values obtained using the colorimetric Folin-Ciocalteu
method, validating the use of this spectrophotometric method as a screening technique for the analysis
of phenolics during different processes [42].

3.2. Bioavailability of Melatonin from Lentil Sprouts and its Correlation with Plasma Antioxidant Capacity

A pharmacokinetic study was performed using eight male rats after oral administration of
lentil sprouts (50 μg melatonin/kg). Figure 3 shows the mean plasma concentration-time profiles
of melatonin, serotonin, and the plasmatic antioxidant capacity measured by the FRAP method.
Melatonin (Figure 3A) was detected in basal levels at time 0, following an increase in the concentration
(45.4 pg/mL) until 1.5 h postadministration of the lentil sprouts extract. The concentration diminished
from that point to achieve basal concentration 4 h after lentil sprouts intake. Regarding plasmatic
serotonin concentration (Figure 3B), a significant increase was observed between 60−120 min after
the consumption of lentil sprouts. Afterward, a pronounced decay in serotonin concentration was
shown (28% at 180 min, 79% at 240 min). The antioxidant status of the plasma (Figure 3C) displayed
similar behavior to melatonin. Increases in the antioxidant capacity were detected 60−90 min after the
administration of lentil sprouts; then, a slight decrease was perceived before returning to the basal level
after 4h. Melatonin concentration in the plasma significantly correlated with the antioxidant capacity
(r = 0.989, p < 0.001). No significant (p > 0.05) correlation was detected with serotonin. Melatonin has
been shown to reach maximum concentration between 20 to 100 min after its oral administration [43];
similar behavior was observed here. The enhancement of the plasmatic antioxidant capacity (measured
by the FRAP method) seemed to be consistent with the antioxidant activity of melatonin. Melatonin
was detected after the administration of synthetic melatonin (5 mg/kg) in Sprague-Dawley rats in
much higher concentrations (1−2 μg/mL), showing that the co-ingestion with phenolic compounds
(caffeic acid or quercetin) could increase melatonin bioavailability [44]. Therefore, the phenolic content
(mainly represented by kaempferol glycosides, as previously observed in Table 3) present in the extract
might not have a negative impact on melatonin bioavailability. Nevertheless, this hypothesis should
be validated in future experiments.

Pharmacokinetic parameters were calculated from the plasmatic melatonin concentration–time
profile (Table 4). After oral administration of lentil sprouts (50 μg/kg), melatonin displayed rapid
absorption (Tmax = 90 min) followed by distribution and disposition in rat. The plasmatic half-life
was around 100 min, indicating rapid metabolism. Elimination rate constant (Ke) values were in the
range of results previously obtained [44]. Indeed, melatonin mean residence time (MRT) was low
(≈ 200 min). The low doses of melatonin (as such assayed in this study, 50 μg/kg) gave rise to lower
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MRT values. Thus, melatonin absorbed from foods (also low doses) only stays in the organism for
short periods. The volume of distribution (VD/F) of melatonin was certainly high (0.85 L/g), implying a
high distribution of the molecule into the tissues. The systemic plasma clearance (Cl/F) of melatonin
was 329.9 L/h/kg, which was 100-fold the rat hepatic blood flow rate (3.3 L/h/kg). Melatonin is rapidly
metabolized in the liver by cytochrome P450 enzymes, and then sulfated or glucuronidated. Melatonin
can be degraded by nonenzymatic pathways involving radical species [45]. These results prove the
rapid absorption and metabolism of melatonin from lentil sprouts after acute intake.

Figure 3. Plasma concentration-time profiles of melatonin (A), serotonin (B), and antioxidant capacity
measured by the FRAP method (C) after the administration of lentil sprouts (equivalent to 50 μg/kg
melatonin). Each point represents the mean ± SD (n = 8).

Table 4. Pharmacokinetic parameters of melatonin in rats after oral administration of lentil sprouts.

Parameter Oral lentil sprouts (50 μg melatonin/kg)

Tmax (min) 90.0 ± 0.0
Cmax (pg/mL) 45.4 ± 3.5

Ke (1/h) 0.39 ± 0.05
t1/2 (min) 108.9 ± 13.0

AUC 0-t (pg/mL min) 6560 ± 963
AUC 0-t /dose (pg/mL min)/(μg/kg) 131.2 ± 19.3

AUC 0-∞ (pg/mL min) 9381 ± 2008
AUC 0-t /AUC 0-∞ 0.71 ± 0.05

AUMC 0-∞ (pg/mL min2) 1897356 ± 589030
MRT 0-∞ (min) 199.4 ± 19.8

VD/F (μg/kg)/(pg/mL) 0.85 ± 0.08
Cl/F (μg/kg)/(pg/mL)/h 0.33 ± 0.07

Tmax: time to the maximal plasmatic concentration; Cmax: maximal plasmatic concentration; Ke: elimination rate
constant; t1/2: elimination half-life; MRT: mean residence time; VD /F: volume of distribution; Cl/F: clearance

3.3. Lentil Sprouts Intake Greater Elevate Melatonin Biomarkers than the Synthetic Hormone

Based on the pharmacokinetic results, we compared plasmatic melatonin levels among four
different feeding conditions (Control, Fasting, Lentil Sprouts, and MEL) 90 min after treatment
(Figure 1). Plasmatic melatonin suffered a decrease (42%) when rats were subjected to a 12 h fasting
period (Figure 4A). Periods of fast or caloric restriction have been associated with decreases in
plasmatic melatonin concentrations [46]. Nevertheless, the literature shows discrepancies in the role
of intermittent fasting and variations in the delivery of plasmatic melatonin [47]. The intake of lentil
sprouts significantly (p< 0.05) increased melatonin concentration (1.7-fold in contrast to control; 2.9-fold
in comparison to the Fasting group). The MEL group also exhibited a meaningful boost in melatonin
plasmatic concentration, i.e., 22% lower than that of the Lentil Sprouts group. These outcomes extend
the feasibility of consuming lentil sprouts as the melatonin food source. A significant part of the
melatonin present in the diet can be absorbed by the gastrointestinal tract, thereby diminishing its
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levels in plasma. Numerous aspects may be associated with the plasmatic concentration of melatonin,
including the age of the animals, the quantity of melatonin consumed, or the administration period [48].
Likewise, the intake of tryptophan has been associated with increased melatonin concentration in
plasma [49]. Lentils are considered a source of tryptophan, both protein-bound and free [50]. Lentil
sprout intake led to comparable increases of melatonin plasmatic concentration as those reported
after walnut ingestion [51]. Fruit consumption can lead to increases in the plasmatic melatonin
concentration [52], as can the intake of wine and beer [53]. The bioavailability of phytochemicals is
distinctly influenced by the complexity of the food matrix, comprising plant cell-wall polysaccharides,
dietary soluble, and insoluble fibers, among other components [54].

Figure 4. The concentration of melatonin (A), serotonin (B), 6-sulfatoxymelatonin (aMT6s) (C), and
TPC (D) in the plasma and urine samples followed the four experimental conditions (Control, Fasting,
Lentil Sprouts, and MEL). The results are expressed as mean ± SD (n = 10). Bars with different letters
significantly (p < 0.05) differ according to ANOVA and Tukey’s multiple range test.

Additionally, the concentration of serotonin was studied (Figure 4B), observing a dramatic
reduction when rats were fasted, whereas the treatment with the lentil sprout extract enhanced
serotonin concentration (4.5-fold in contrast to the Fasting group) as well as the MEL group (2.7-fold).
Since serotonin is a hormone related to digestion processes, the 12 h fasting period reduced (72%) the
plasmatic concentration. Serotonin is mainly produced by enteroendocrine cells in the gastrointestinal
tract in response to a variety of stimulants (nutrients, odorants, and phytochemicals, among others) [55].
Evidence shows that enterochromaffin cells secrete serotonin upon nutrient triggering [56,57]. Serotonin
can, however, also be released as an adaptation to long-lasting fasting [58]. As formerly stated, the
content of tryptophan from plant sources may also increase the production of extra-pineal melatonin
through the metabolization via serotonin to melatonin. Both serotonin and melatonin are primarily
synthesized (> 90%) by the gastrointestinal tract, from tryptophan and/or its derivatives, comprising a
primary extrapineal pool of these molecules [59]. In fact, serotonin and melatonin can be synthesized
not only by animal cells, but also by the microbiota present in the gastrointestinal tract [60].
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Urinary aMT6s (Figure 4C), the main melatonin metabolite excreted in urine, did not suffer
significant (p > 0.05) during the fasting period, while a substantial increase in its concentration was
detected upon the administration of both lentil sprouts and melatonin solution (5.8- and 2.5-fold,
respectively; p < 0.05). The concentration of this melatonin biomarker in urine was associated
with the plasmatic concentration of melatonin (r = 0.926, p < 0.05). After intake, melatonin is
promptly transformed in 6-hydroxymelatonin, being further conjugated, giving rise to aMT6s [61].
The concentration of aMT6s excreted in urine after lentil extract and melatonin intake confirmed the
highly efficient metabolism of melatonin in rats [62]. The consumption of several fruits and vegetables
previously evidenced the bioavailability of melatonin observed as an increase in the concentration
of urinary aMT6s [52,63,64]. Nonetheless, the differences observed between Lentil Sprouts and MEL
groups should be emphasized. Upon the intake of equal quantities of melatonin, the excretion of aMT6s
was significantly (p < 0.05) different. Differences in the intake of tryptophan might be the cause of these
different results. Tryptophan intake is associated with increased aMT6s production [65]. Tryptophan
metabolization in the gastrointestinal tract could increase not only the synthesis of serotonin, but
the final production of melatonin and the subsequent urinary excretion of aMT6s [66–68]. Hence,
melatonin bioavailability depends not only on the initial concentration of melatonin in food and the
matrix effect influencing its absorption, but also on the content of tryptophan which could be converted
into melatonin and be part of the plasmatic melatonin load.

The concentration of TPC in the plasma of rats subjected to the four different treatments (Figure 4D)
did not show any significant (p > 0.05) change in the 90 min posttreatment. The plasmatic t1/2 of
phenolic compounds frequently ranges 2 to 8 h, but it can reach up to 12–24 h for the larger phenolic
structures [69]. In the present work, the levels of phenolic compounds in the plasma of 12 h-fasted
rats did not show any fluctuations. The slow release of phenolics from food complex matrices such as
regular rat chow, mainly based on vegetable food sources (wheat, corn, wheat bran, barley, soybean,
among others) may be the cause of nonsignificant (p > 0.05) changes in the fasting group, as well
as in the Lentil Sprouts or MEL groups [70]. The occurrence of phenolic compounds along the gut,
due to their slow release from foods, appears to be the primary reason for the preservation of the
total phenolic load in plasma [71]. Since gut microbiota mediates the synthesis of phenolic acids from
larger phenolic compound polymers, such as proanthocyanidins, tannins, and glycosides, via ring
fission and oxidation, and glycoside hydrolysis, the resulting phenolic metabolites can be absorbed
and reach the systemic circulation [72,73]. Complex phenolic compounds and glycosides need to be
metabolized in the colon to be absorbed. The main phenolic compounds composing the melatonin-rich
extract administered, primarily kaempferol and (+)-catechin glycosides, may need these metabolization
processes to reach their absorbable form and be bioavailable. Thus, the acute intake of lentil sprouts
did not result in TPC modification, since phenolic compounds could not reach a digestion stage in
which they were bioavailable.

3.4. Administration of Lentil Sprouts Enhances Plasmatic Antioxidant Status

Since the major bioactivity of melatonin is its antioxidant potential, we measured the antioxidant
status of the plasma by FRAP and ORAC methods 90 min after the treatments to establish the influence
of lentil sprout intake (Figure 5). Even if the antioxidant capacity, measured by the FRAP method
(Figure 5A), showed no significant (p > 0.05) changes during fasting, a 34% increase was observed in
the Lentil Sprouts group and a 4% in MEL group. Similarly, the antioxidant capacity measured with
the ORAC method showed a similar behavior (Figure 5B). Fasting did not cause significant (p > 0.05)
alterations in the antioxidant capacity. However, the administration of lentil sprouts gave rise to a
1.8-fold increase; synthetic melatonin produced a less pronounced increment (32% in composition to
the fasting group). The antioxidant capacity correlated with the concentration of melatonin (FRAP,
r = 0.977, p < 0.05; ORAC, r = 0.962, p < 0.05) as well as with the concentration of urinary aMT6s
(FRAP, r = 0.928, p < 0.05; ORAC, r = 0.991, p < 0.01). The antioxidant capacity did not display any
significant correlation (p > 0.05) with the concentration of TPC in the plasma. Phenolics might have
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been slowly released, exhibiting different pharmacokinetics than melatonin. As previously observed,
the intake of foodstuffs rich in melatonin such as fruits and derivates (cherries, grapes, and their juices),
or fermented beverages (wines and beers) resulted in an enhancement of the plasmatic antioxidant
capacity [25,26,53,74]. However, these results may involve a conservative evaluation of antioxidant
capacity and should not be attributed solely to the presence of melatonin. These results could be
related to other phytochemicals not measured, such as vitamin C or other antioxidants that could be
associated with the increase in the plasmatic in vitro antioxidant capacity [75]. Furthermore, FRAP and
ORAC assays exclusively asses the free radical scavenging capacity. Melatonin displays direct and
indirect antioxidant properties, covering not only free radical scavenging capacity but the stimulation
of endogenous antioxidant enzyme expression [76]. Melatonin administration has been correlated to
the enhancement of the plasmatic antioxidant capacity in both animal models and human studies [77].

Figure 5. Plasmatic antioxidant capacity measured by FRAP (A) and ORAC (B) methods followed the
four experimental conditions (Control, Fasting, Lentil Sprouts, and MEL). The results are expressed as
mean ± SD (n = 10). Bars with different letters significantly (p < 0.05) differ according to ANOVA and
Tukey’s multiple range test.

In general, melatonin intake is associated with diminished oxidative stress [78]. The
supplementation with melatonin can be beneficial, beyond oxidative stress, in the reduction of
inflammation, hypertension, and other metabolic syndrome-related markers [77]. Forthcoming studies
will unravel the effects of lentil sprout intake on the gastrointestinal metabolism of melatonin and
its influence on the oxidative status, both in plasma and in central tissues where oxidative stress is
the primary cause of dysfunction, aging, and the development of chronic diseases. The synthesis of
melatonin by the colonic microbiota presents alternative perspectives from which to understand how
the content of melatonin increases after the intake of food. The gut microbiota could be considered as
a supplementary source of extrapineal melatonin, produced by diverse types of bacteria, deserving
future investigations [79].

4. Conclusions

In summary, the intake of lentil sprouts increased the concentration of melatonin in the plasma of
rats as well as the urinary levels of 6-sulfatoxymelatonin. Likewise, the plasmatic antioxidant capacity
was augmented. This study presents the composition of raw lentils and sprouts, and an evaluation
of melatonin pharmacokinetics, bioavailability, and biological activity in vivo in Sprague Dawley
rats. In view of the results, lentil sprouts can be considered as a source of bioavailable melatonin,
whose intake could modulate plasmatic oxidative stress and defend the organism from aging and
related diseases, among other potential health benefits. Future studies should be conducted to better
understand the role of dietary melatonin and melatonin precursors in bioavailable melatonin biological
actions and their influence on oxidative status, besides the potential use of lentil sprouts and other
melatonin-rich foods to combat oxidative stress-related diseases.
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Abstract: The increasing demand for healthy food products has promoted the use of germinated seeds
to produce functional flours. In this study, germination conditions were optimized in barley grains
with the aim to produce flours with high nutritional and biofunctional potential using response surface
methodology (RSM). The impact of germination time (0.8–6 days) and temperature (12–20 ◦C) on
barley quality was studied. Non-germinated barley was used as the control. The content of vitamins
B1, B2 and C, and proteins increased notably after germination, especially at longer times, while levels
of fat, carbohydrates, fibre, and β-glucan were reduced. Total phenolic compounds, γ-aminobutyric
acid and antioxidant activity determined by Oxygen Radical Absorbance Capacity increased between
2-fold and 4-fold during sprouting, depending on germination conditions and this increase was more
pronounced at higher temperatures (16–20 ◦C) and longer times (5–6 days). Procyanidin B and ferulic
acid were the main phenolics in the soluble and insoluble fraction, respectively. Procyanidin B levels
decreased while bound ferulic acid content increased during germination. Germinated barley flours
exhibited lower brightness and a higher glycemic index than the control ones. This study shows that
germination at 16 ◦C for 3.5 days was the optimum process to obtain nutritious and functional barley
flours. Under these conditions, sprouts retained 87% of the initial β-glucan content, and exhibited
levels of ascorbic acid, riboflavin, phenolic compounds and GABA between 1.4-fold and 2.5-fold
higher than the non-sprouted grain.

Keywords: barley; germination; flour; RSM; nutritional properties; bioactive compounds; quality

1. Introduction

Nowadays, the main changes in demand for agricultural and food products are being fueled by
population growth and lifestyle modifications. Many food manufacturers today are looking to replace
wheat flour by alternative flours to be included in new formulations -with high nutritive value and
bioactive properties.

Barley (Hordeum vulgare L.) is an ancient cereal which has been traditionally used for animal
feeding and as raw material in malting industry [1]. Today, barley remains an important grain in some
cultures of Asia and Northern Africa, and in recent years, there has been an increasing interest in using
barley as an ingredient in food products due its nutritional value and high content of biologically active
compounds [2]. This renewed trend in formulating novel barley foods is based on the beneficial effects
of β-glucans on reducing blood cholesterol and glycemic index. In fact, the European Commission has
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authorized health claims linking barley β-glucan with a reduction of blood cholesterol. This claim can
be used in foods with β-glucan levels ≥1 g [3]. The high β-glucan content in barley grains makes it an
attractive ingredient for development of novel functional flours [4]. In addition to β-glucan, barley
contains some other bioactive compounds (phenolic compounds, tocols and sterols) with beneficial
effects that are currently under extensive investigation [5]. Therefore, there is a large potential to
include barley flour partially or as a whole grain in a wide range of cereal-based food products as an
alternative to commonly used cereals (wheat, rice, maize and oat).

Most barley varieties are hulled, although several hull-less varieties are also cultivated. Hull-less
barley, known as ‘naked’ barley, requires minimal cleaning compared to hulled barley, as no processing
is needed to remove the inedible outer hull [6]. The use of hull-less barley varieties with high levels of
β-glucans is interesting to obtain functional barley flours that can be easily incorporated into foods to
meet the authorized health claims of β-glucan. Barley flours usually have a higher water absorption
ability than wheat flours for its greater content of soluble fiber [7], which can positively affect their
baking properties.

Nowadays, there is a strong demand for food products with health-promoting properties. This is
reflected by the growing market of foods that contain functional ingredients able to modulate different
body functions, improving the health of consumers [8]. The scientific community is focusing its
efforts on identifying novel functional ingredients that will expand the options to develop innovative
food products with health benefits. Barley flours enriched in bioactive compounds are attractive
ingredients to achieve these purposes, since they can be easily incorporated into different food matrices.
Germination can be explored as a low-cost process to enhance the levels of functional compounds with
healthy attributes in barley. Germination has been demonstrated to be an inexpensive and sustainable
process that improves the nutritive quality and the content of functional compounds of grains, but
also their palatability, digestibility and bioavailability [9,10]. However, the magnitude of changes
caused by germination depends on the grain variety and germination conditions. For this reason,
the optimization of germination parameters is crucial for improving the nutritional and bioactive
properties of a selected grain variety. Although different studies have investigated the influence of
germination in several cereals and legumes, few studies have optimized germination conditions in
barley for producing high-quality flours. Thus, the objective of this study was to explore the effect of
germination temperature and time on the nutritional, bioactive and other quality features in a hull-less
barley variety. The functional sprouted flour obtained could be used for the production of functional
bakery products (bread, cookies, cakes, muffins, etc).

2. Materials and Methods

2.1. Chemicals

α-Amylase from porcine pancreas (EC 3.2.1.1), 2,2’-Azinobis 3-ethylbenzothiazoline-6-sulfonic acid
(ABTS), 2,2’-diazobis-(2-aminodinopropane)-dihydrochloride (AAPH), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), Folin–Ciocalteu (FC) reagent, gallic acid (GA), 6-hydroxy-2,5,7,8-tetramethyl-2-carboxylic
acid (Trolox), and sodium carboxymethylcellulose (CMC) were obtained from Sigma-Aldrich, Co. (St.
Louis, MO, USA). Amyloglucosidase (EC 3.2.1.3), glucose oxidase-peroxidase (GOPOD) and 1.3:1.4
mixed-linkage β-glucan kits were provided by Megazyme International Ireland (Wicklow, Ireland).

2.2. Barley Grains

A hull-less H13 barley variety obtained by conventional breeding between Merlin and Volga
varieties in Agro-Technological Institute of Castilla y León was used. This barley variety, commercially
known as GALIS, contains high levels of β-glucan (5.2 g/100 g). Whole-grain flour was obtained in
order to compare the results obtained in sprouted grains with those of raw grain andevaluate the
changes in nutrients, bioactive compounds and other quality parameters caused by the germination
process. For these purposes, whole grains were milled by using a mechanical grinder (Moulinex,
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France), sifted through a 60-mesh sieve (0.5 mm pore diameter) and stored under vacuum at −20 ◦C.
This flour was also analyzed.

2.3. Germination

Twenty grams of barley seeds was soaked in 0.1% sodium hypochlorite at 1:5 ratio (w/v) for 30 min
and then washed with tap water until it reached a neutral pH. Then, seeds were steeped in tap water
(at the same ratio) at room temperature for 4 h. Water was removed and seeds were spread across
moist filter over steel grid, which was placed in plastic trays containing sterile tap water. Seeds were
covered by a filter paper and introduced in a germination cabinet (model MLR-350, Sanyo, Japan), with
>90% air humidity. Germination was carried out in darkness at temperatures in the range 12.1–19.9 ◦C
and times of 1.6–6.19 days, conditions chosen according to the response surface model (Table 1). The
germination process was carried out in triplicate for each germination condition. The sprouted seeds
were freeze-dried (LyoQuest, Telstar, Spain), milled (Moulinex, France), sifted through a 60-mesh sieve
(0.5 mm pore diameter) and stored under vacuum at −20 ◦C until further analysis.

Table 1. Independent variables (factors) of the response surface central composite design.

Factor A
Temperature (◦C)

Factor B
Time (Days)

Experiments
(Codes)

12.1 3.58 1
13.2 1.60 2
13.2 5.52 3
16.0 0.81 4
16.0 3.48 5*
16.0 6.19 6
18.8 1.60 7
18.8 5.52 8
19.9 3.60 9

*Center point. Three replicate experiments were performed for the center point.

2.4. Experimental Design

The response surface methodology (RSM) was employed to evaluate the impact of germination
time and temperature on different quality and bioactive properties of sprouted barley. A central
composite design was used with a total of 11 experimental assays, including three center points and
“star” points to estimate curvature. The order of the experiments was randomly selected to avoid the
effects of lurking variables (Table 1 and Figure 1). The combination of the two factors (germination
temperature and time) studied in the response surface design and its optimization was based on
the +1 and −1 variable levels. Proximal, nutritional, bioactive and sensory parameters were selected
as dependent variables. The design was used to explore the quadratic response surfaces and to
obtain polynomial equations for each response variable. The optimization of germination conditions
was performed through the desirability function approach that allows identifying the most suitable
combination of germination time and temperature to achieve the maximum desirable response values.
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Figure 1. Response surface central composite design with two independent variables (factors), three
center points and two star points.

2.5. Proximate and Fatty Acid Compositions

The moisture contents of raw and germinated flours obtained from barley were determined by
drying 5 ± 0.001 g sample flour at 105 ◦C for 3 h. Total protein content was assessed by the Dumas
method. A factor of 6.25 was used to transform nitrogen into protein values. Total fat content was
evaluated after extraction of sample flour with petroleum ether (BP 40–60 ◦C) during 4 h in a Soxtec
fat-extracting unit. Carbohydrates were estimated by difference. Total dietary fiber content was
determined by a commercial kit provided (Sigma, St. Louis, MO, USA), by following the manufacturer’s
instructions. Ash content was evaluated by incineration of samples in a muffle furnace at 550 ◦C for 5 h.
The results were expressed as g/100 g of dry matter (d.m.), after correcting them for moisture content.

For the evaluation of fatty acid composition in sample flours, the lipid-containing chloroform
phase was separated and evaporated. Then, the sample was dissolved in 1 mL of hexane and
methylated by the addition of 0.5 M methanolic KOH (100 μL) and incubation for 10 min at room
temperature. An analysis of fatty acid methyl esters (FAME) in the upper layer obtained was carried
out on a gas chromatograph (Agilent 7890A, Agilent Technologies, CA, USA) coupled with a flame
ionization detector.

2.6. Content of Vitamin C

Vitamin C content was determined in barley flour samples by homogenization of the sample
with 50 mL of oxalic acid (2 g/100 g) and titration with 2,6,-dichlorolindophenol (0,25 g/L) using a
potentiometric titrator (877 Tritino Plus, Metrohm, Switzerland). The results were expressed as mg
vitamin/100 g d.m.

2.7. Content of Thiamine and Riboflavin

Both vitamins were extracted from raw and germinated barley flour by acid and enzymatic
hydrolysis and quantified by reversed-phase high-performance liquid chromatography (HPLC) coupled
to a fluorescence detector, according to Frias et al. [11]. The results were expressed as μg vitamin/100 g
d.m.

2.8. Content of β-Glucan

The β-glucan content was quantified by 1.3:1.4 mixed-linkage β-glucan kit (Megazyme, Ireland),
following the manufacturer instructions. The assay uses lichenase and β-glucosidase to hydrolyse
β-glucan to glucose. Subsequently, glucose reacts with GOPOD (glucoseoxidase/peroxidase) reagent
and the absorbance at 510 nm of the resultant compound was measured in a microplate reader Synergy
HT (BioTek Instruments, Winooski, VT, USA). All measurements were performed in triplicate. The
results were expressed as g β-glucan/100 g d.m.
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2.9. Content of γ-Aminobutyric Acid (GABA)

GABA was quantified in water extracts obtained from raw and germinated barley samples using
HPLC coupled to a diode array detector as previously described [9]. Results were expressed as
mg/100 g d.m.

2.10. Total Phenolic Content Determined by the Folin–Ciocalteu Method

Total phenolic contents (TPCs) were evaluated in methanolic extracts obtained from control and
sprouted barley flours. Briefly, 1 g of sample was extracted with 10 mL of methanol:water (1:1, v/v;
acidified to pH 2 with 0.1 M HCl) by stirring (250 rpm, 25 ◦C, 1 h) in an orbital shaker. Samples were
centrifuged (25 ◦C, 3800× g, 10 min), and the supernatant was collected, filtered (Whatman paper n◦ 1),
and made into a final volume of 25 mL with the extracting solvent. Extracts were stored at −80 ◦C
until use. TPCs were estimated using the Folin–Ciocalteu method as previously reported [12]. Gallic
acid (GA) was used as the standard. The final results were corrected for moisture and expressed as
μmol GA equivalents (GA Eq)/g d.m.

2.11. Content and Profile of Free and Bound Phenolic Compounds

Free phenolic compounds were extracted as reported above (see Section 2.9). The residues
obtained following the free phenolic extraction were subjected to alkaline and acid hydrolysis for
recovering the bound (insoluble) fraction, as described by Mattila et al. [13]. Soluble and insoluble
phenolic extracts were filtered through a 0.22-μm filter, lyophilized and stored at −20 ◦C until analysis.

The profile of free and bound phenolic compounds in barley samples was analyzed by HPLC
coupled with a mass spectrometer, according to Birsan et al. [14]. The results were expressed as μg/mg
of dry extract.

2.12. Total Antioxidant Activity

Total antioxidant activity was measured in methanolic extracts previously obtained using classical
assays, namely DPPH radical scavenging activity, Oxygen Radical Absorbance Capacity (ORAC), Ferric
Reducing Ability of Plasma (FRAP) and Trolox Equivalent Antioxidant Capacity (TEAC). Moreover, the
DPPH method without any extraction procedure (Q-DPPH) was used to evaluate the total antioxidant
activity of the samples.

2.12.1. DPPH Assays (Classical and Q-Versions)

The classical version of DPPH assay was performed as previously described [15], with slight
modifications. An amount of 25 μL of extracts was mixed with 100 μL of MilliQ water and 125 μL of
DPPH·working solution (100 μM using methanol as solvent) in a 96-well microplate. Absorbance at
515 nm was recorded for 30 min in a microplate reader.

The Q-DPPH assay was carried out by mixing 10 mg of barley samples with 1.6 mL DPPH·
working solution (50 μM) prepared in either methanol (Q-DPPH_M) or methanol:water (50:50, v:v)
(Q-DPPH_MW). A volume of 160μL of methanol:water (50:50, v:v; pH= 2) was added for the calibration
curve with Trolox to compensate for the solvent present in the sample reactions. The samples were
incubated in an orbital shaker (750 rpm for 30 min) then centrifuged (10,000× g for 2 min). Absorbance
was recorded at 515 nm in a microplate reader. The results were corrected for moisture and expressed
as μg Trolox equivalents/100 g d.m.

2.12.2. TEAC Assay

The classical version of this method was carried out according to Re et al. [16] with slight
modifications. An aqueous ABTS solution (7 mM) was mixed with 2.45 mM K2O8S2 in a 1:1 (v/v)
ratio (stock ABTS·+ solution). Stock ABTS·+ solution was diluted with phosphate buffer (75 mM,
pH = 7.4) (ABTS·+ working solution), with an absorbance value of 0.70 ± 0.02 at 734 nm. Then, 20
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μL of diluted samples was mixed with 200 μL ABTS·+ working solution in a 96-well microplate. The
decay in absorbance at 730 nm was recorded over 30 min with a microplate reader. Trolox was used as
the standard. The results were corrected for moisture and expressed μg Trolox equivalents/100 g d.m.

2.12.3. ORAC Assay

ORAC assay was carried out as earlier described [17] with some modifications. Trolox standard
curve (15-240 mM) and samples were diluted in phosphate buffer (10 mM, pH 7.4). Fluorescein (150 μL)
was placed in a 96-well black microplate and then 25 μL of Trolox standard, sample or phosphate
buffer (blank) was added. After incubation (37 ◦C, 3 min), AAPH solution was added to initiate the
oxidation reaction. Fluorescence was monitored over 35 min with a microplate reader at excitation and
emission wavelengths of 485 nm and 528 nm, respectively. The results were expressed as mmol Trolox
Equivalents (TE)/g d.m.

2.12.4. FRAP Assay

The assay was performed following the protocol reported by Vijayalakshmi and Ruckmani [18].
Results were expressed as mmol Fe equivalents/g d.m.

2.13. Glycemic Index

For the determination of glycemic index (GI) in sprouted barley, firstly, the content of available
starch was measured using the total starch assay kit of Megazyme (K-TSTA 08/16). Afterwards, the
in vitro starch hydrolysis rate was determined as described by Gularte and Rosell [19], with slight
modifications. Samples containing 50 mg of available starch were dissolved in Tris-maleate buffer
(0.1 M, pH = 6, 2 mL) and then 2 mL enzymatic solution containing porcine pancreatic α-amylase
(460 U/mL) and amyloglucosidase (6.6 U/mL) were added. Aliquots were taken during the incubation
period (150 min), were kept in boiling water for 5 min to stop the enzymatic reaction and cooled in
ice. Then, a volume of 150 μL of absolute ethanol was added and the sample was centrifuged (4 ◦C,
10,000× g for 5 min). The pellet was washed with 150 μL ethanol:water (1:1, v/v) and the supernatants
were pooled together and stored at 4 ◦C for the subsequent colorimetric analysis of reducing sugars
using the GOPOD kit (Megazyme, Bray, Ireland). GI values were calculated from hydrolysis index (HI)
values, as proposed by Granfeldt [20].

2.14. Colorimetric Characterizationof Germinated Barley Flours

Color was measured using a colorimeter (Minolta CM-2002, Osaka, Japan) with D65 as illuminant
and 45/0 sensor. The instrument was calibrated with a white tile standard (L*593.97, a*520.88 and
b*51.21). The CIE L*a*b* parameters were converted to Hue (arctan b*/a*), Chroma (a*2 + b*2)1/2 based
in the CIELab (L*, a* and b*).

2.15. Sensory Analysis

Panelists (20–45 years old) with previous experience in sensory analysis were recruited from the
Staff of the Agro-Technological Institute of Castilla y León. Panelists were instructed to rinse their
mouths with water between samples. Samples were subjected to descriptive test. Colour, texture
and flavour were evaluated for all the samples using a scale from 0 (disliked extremely) to 5 (liked
extremely).

2.16. Statistical Analysis

Analytical determinations were carried out in duplicate for each replicate (three replicates were
obtained for each germination condition). The equations obtained by RSM models were solved using
the least squares (LS) method. Analysis of variance (ANOVA) was used to assess the reliability of
the regression equations obtained and to determine the significance of all terms (linear, quadratic
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and interaction) of each factor at a probability level (p) of 0.05. The goodness of models to describe
the variations of experimental data was also quantified by the coefficient of determination (R2). A
quadratic model was used to evaluate the responses. A statistical analysis was performed using
Statgraphic Centurion XVI (Rockville, MD, USA) software.

3. Results

The nutritional, bioactive and sensory properties of germinated barley were evaluated through
different response variables using polynomic regression models (Table 2). ANOVA results reveal that
the predictive models obtained for all response variables were statistically significant (p ≤ 0.05), with
no significant values of lack-of-fit, indicating that the models satisfactorily predict the relationship
between response variables and independent factors. Higher R2 values than 0.75 suggest an adequate
fitting of the polynomial models to the experimental values. The germination yield was higher than
50% regardless of the conditions used during sprouting.

Table 2. Polynomic equations and optimum values for the dependent variables studied in the
RSM design.

Response Variables Model Equations
Optimum

Temperature (Tp)
Optimum
Time (Tm)

Fat 4.984 – 0.214 × TP + 0.022 × TM + 0.006 × TP2 –
0.008 × TM × TP – 0.009 × TP2 12.1 0.81

Protein 19.066 – 0.551 × TM + 0.167 × TP + 0.019 × TM2

+ 0.010 × TM × TP – 0.026 × TP2 19.9 6.19

Fiber 35.541 – 2.362 × TP – 1.176 × TM + 0.080 × TP2

+ 0.00004 × TM × TP + 0.098 × TP2 19.9 0.81

Carbohydrates 65.948 – 0.075 × TM + 2.804 × TP + 0.025 × TM2

– 0.098 × TM × TP – 0.121 × TP2 12.1 0.81

Saturated fatty acids 24.444 – 0.587 × TM – 2.426 × TP + 0.019 × TM2

+ 0.179 × TP × TM + 0.010 × TP2 19.9 6.19

Unsaturated fatty acids 75.556 + 0.587 × TM + 2.426 × TP – 0.019 × TM2

– 0.179 × TM × TP – 0.100 × TP2 12.1 0.81

Monounsat. fatty acids 17.847 + 0.398 × TM + 0.288 × TP – 0.010 × TP2

– 0.123 × TM × TP + 0.036 × TP2 14.3 0.81

Polyunsat. fatty acids 57.747 + 0.184 × TM + 2.141 × TP – 0.008 × TP2

– 0.056 × TM × TP – 0.136 × TP2 12.1 5.4

Vitamin C 61.315 – 6.418 × TP + 0.101 × TM + 0.110 × TP2

+ 0.060 × TM × TP – 0.020 × TP2 19.9 6.19

Vitamin B1
1003.83 – 30.743×TM – 37.626×TP + 0.867 ×

TM2 + 0.059 × TP × TM + 4.207 × TM2 12.1 0.81

Vitamin B2
4.880 – 0.329 × TP + 39.175 × TM + 0.290 × TP2

– 0.460 × TM × TP – 1.271 × TP2 19.9 6.19

β-glucan 6.886 + 0.052 × TP – 1.68 × TM – 0.009 × TP2 +
0.082 × TP × TM + 0.014 × TP2 12.1 0.81

GABA 311.39 – 28.559 × TM – 4.590 × TP + 0.759 ×
TM2 + 2.101 × TP × TM – 1.924 × TM2 19.9 6.19

TPC 367.582 – 31.560 × TP – 8.571 × TM + 0.874 ×
TM2 + 1.297×TP × TM – 0.929 × TP2 19.9 6.19

Bound ferulic acid 423.975 – 36.487 × TP – 47.023 × TM + 0.784 ×
TP2 + 2.769 × TM × TP + 0.212 × TP2 12.1 0.81

Free procyanidin 53.593 – 5.589 × TP – 2.911 × TM + 0.147 × TP2

+ 0.181 × TM × TP – 0.025 × TP2 12.1 0.81
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Table 2. Cont.

Response Variables Model Equations
Optimum

Temperature (Tp)
Optimum
Time (Tm)

FRAP 0.407 – 0.027 × TP – 0.017 × TM + 0.0007 × TP2

+ 0.0009 × TM × TP + 0.0005 × TP2 19.9 6.19

ORAC 205.967 – 23.180 × TM – 0.708 × TP + 0.709 ×
TM2 + 0.923 × TM × TP – 1.361 × TP2 19.9 6.19

DPPH 4274.09 – 291.532 × TP – 284.032 × TM + 5.985
× TP2 + 18.461 × TM × TP – 0.231 × TP2 12.1 0.81

TEAC 15296.3 – 1782.21 × TM + 1758.61 × TP + 59.311
× TM2 – 21.386 × TP × TM − 119.929 × TP2 19.9 6.19

DPPH-Q * 5252.4 – 507.735 × TP – 136.6 × TM + 14.287 ×
TP2 + 11.670 × TM × TP – 0.503 × TM2 19.9 6.19

L* 100.793 – 1.859 × TM + 0.478 × TP + 0.054 ×
TM2 – 0.003 × TM × TP – 0.069 × TP2 12.1 3.2

a* 0.455 + 0.088 × TM + 0.182 × TP − 0.002 × TM2

– 0.013 × TM × TP – 0.0004 × TP2 19.9 0.81

b* 16.906 – 0.874 × TM – 0.564 × TP + 0.025 × TM2

+ 0.057 × TP × TM – 0.014 × TP2 12.1 0.81

Glycemic index 105.067 – 4.918 × TM – 3.373 × TP + 0.180 ×
TM2 + 0.093 × TP × TM + 0.471 × TP2 19.9 6.19

Color (−) 0.322 + 0.0469 × TM + 0.075 × TP 12.1 0.81

Texture 0.268 + 0.039 × TM − 0.011 × TP 12.1 0.81

Flavour (−) 0.365 + 0.047 × TM + 0.085 × TP 19.9 6.19

FRAP: Ferric Reducing Ability of Plasma; ORAC: Oxygen Radical Absorbance Capacity; DPPH:
2,2-difenil-1-picrylhydrazyl Radical Scavenging Activity; TEAC:Trolox Equivalent Antioxidant Capacity; DPPH-Q:
Direct DPPH method (without extraction); L*: Luminosity; a*: CIELAB a* parameter; b*: CIELAB b* parameter.

3.1. Effect of Germination on Proximate Composition of Sprouted Barley Flours

The polynomic regression equations (Table 2) and response surface tridimensional contour plots
(Figure 2) obtained for proximate composition of germinated barley showed a significant higher effect
of germination time than temperature on these nutritional parameters.

Figure 2. Response surface plots for proximal composition in germinated barley flour as a function
of two independent variables (time and temperature). (a) Fat content; (b) Protein content; (c) Fiber
content; (d) Carbohydrate content. BS: barley seed flour (non-germinated).
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Fat levels of barley sprouts were significantly reduced compared to non-germinated grain and
this decrease showed a linear time-dependent behavior (Figure 2a). Decrease of fat may be linked to
depletion of the stored fat that is involved in grain catabolic activities required for protein synthesis in
the growing plant [21].

Contrary results were obtained for protein content, which increased significantly after germination
in all barley sprouts regardless of the germination conditions used (Figure 2b). The enhancement of
protein content in seed sprouts might be attributed to the loss of carbohydrates during respiration
that cause an apparent increase in other nutrients such as proteins, as has been previously reported
in chia sprouts [22]. Higher temperature and longer time would produce greater loss in the sprouts
dry weight and a more pronounced enhancement of protein levels. Moreover, there is a reawakening
protein synthesis upon imbibition [23], which could also partially explain the increased protein content
in sprouted barley. Again, the protein increase was only dependent on germination time, where a
linear effect was observed.

The content of fiber in germinated barley decreased with respect to non-germinated grains
(Figure 2c), that could be associated with the activation of hydrolytic enzymes, mainly at
longer periods of germination. However, no significant differences were observed at different
germination temperatures.

The carbohydrate content of sprouted barley decreased at low temperatures and short germination
times and remained almost constant at the other temperatures (Figure 2d).

3.2. Effect of Germination on Fatty Acid Content of Sprouted Barley Flours

The content of saturated, unsaturated, monounsaturated and polyunsaturated fatty acids was
also evaluated in germinated barley (Figure 3 and Table 2). Barley germinated at lower temperatures
and shorter times exhibited levels of these compounds similar to non-germinated barley grain.
Saturated fatty acids duplicated during sprouting, reaching values close to 37% at longer times of
germination (Figure 3a) and the opposite behavior was observed for unsaturated fatty acids (Figure 3b).
Polyunsaturated acids (Figure 3d) did not show significant differences compared to control barley.
The values ranged from 59% to 63% with an insignificant decrease at higher temperatures and longer
times of germination. Our results are in line with previous investigations showing that triglycerides
that represent the major lipids storage form in cereals, are hydrolyzed by lipases to diglycerides,
monoglycerides, and then to glycerol and fatty acids [24]. Hence, it seems that α-oxidation plays a
minor role in sprouting grains while β-oxidation plays a key role with the aid of β-oxidase, yielding
energy for metabolic pathways [25].

Figure 3. Response surface plots for fatty acid content in germinated barley flour as a function of two
independent variables (time and temperature). (a) Saturated fatty acids; (b) Unsaturated fatty acids; (c)
Monounsaturated fatty acids; (d) Polyunsaturated fatty acids. BS: barley seed flour (non-germinated).
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3.3. Effect of Germination on Vitamin Content of Sprouted Barley Flours

Vitamin content increased in barley after germination and it exhibited a significant linear
dependence respect to temperature and time regardless of the vitamin studied. Higher levels
of water-soluble vitamins (B1, B2 and C) were observed at longer germination times and higher
temperatures (Figure 4). Vitamins B1 (Figure 4a) and C (Figure 4c) contents almost triplicated in
barley germinated at longer time while vitamin B2 (Figure 4b) showed a six-fold increase in sprouted
barley. Different authors have reported an increase of vitamins content during chickpea and barley
germination as consequence of the biosynthesis undergone in the grain [26,27].

Figure 4. Response surface plots for vitamin content in germinated barley flour as a function of two
independent variables (time and temperature). (a) Vitamin B1; (b) Vitamin B2 (c) Vitamin C. BS: barley
seed flour (non-germinated).

3.4. Effect of Germination on β-Glucan Content of Sprouted Barley Flours

The β-glucan content was determined in raw and germinated barley (Table 2 and Figure 5a). The
results show that β-glucan levels in barley grains were close to 5 g/100 g d.m. and decreased to a
short extent during germination for short times (reductions of 14%–22% with respect to the initial
content after 84-86 h of germination), but longer germination times cause greater losses. The impact of
germination time on β-glucan levels was stronger at lower temperatures. It has been reported that
germination causes an increase of β-glucanases activity, which are the primary enzymes responsible for
breaking down cereal endosperm cell walls during germination, thus reducing β-glucan levels [28,29].
Our results agree with those reported by Rimsten et al. [30], who showed slight losses in β-glucan
levels in barley grains germinated for 96 h after steeping at 48 ◦C. On the contrary, larger reductions of
β-glucan content (50% after 48–120 h of germination) were found in germinated barley [31]. These
studies have shown that longer germination times caused higher β-glucan degradation, results in line
with the ones found in the present study.

3.5. Effect of Germination on GABA Content of Sprouted Barley Flours

Non-sprouted barley showed a GABA content of around 54 mg/100 g d.m. that significantly
increased during germination (Table 2, Figure 5b), reaching values between 81 and 186 mg/100 g d.m.
in sprouted barley, depending on germination conditions. The increase of GABA content in barley
sprouts can be attributed to the partial hydrolysis of storage proteins to oligopeptides and free amino
acids that are used for seedlings growth during germination, followed by the activation of glutamate
decarboxylase enzyme that converts glutamic acid to GABA [10,32]. GABA can also be synthesized
from polyamines by diamine oxidase (DAO), whose activity has been reported to increase during
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grain germination [33]. The enhancement of GABA content during cereal germination has been also
observed by other authors in rice, barley and wheat [9,10,34].

Figure 5. Response surface plots for bioactive compounds content in germinated barley flour as a
function of two independent variables (time and temperature). (a) β-glucan; (b) GABA; (c) TPC. BS:
barley seed flour (non-germinated).

3.6. Effect of Germination on Total Phenolic Content of Sprouted Barley Flours

One of the main advantages of germination in controlled conditions is the possibility of enhancing
the antioxidant properties of grains by increasing phenolics contents.

The total phenolic contents (TPCs) increased significantly in barley after germination compared
to the control, regardless of the conditions used during the process (Table 2 and Figure 5c). TPC
levels ranged from 4.4 to 9.5 μmol GA Eq/g d.m. in sprouted barley. Germination time showed a
significant linear impact on TPC content, especially at higher temperatures. The TPC levels in raw
barley were in agreement with the values reported by Zhao et al. [35], who reported contents between
3.07 and 4.48 μmol GA Eq/g d.m. in different barley varieties. The increased levels of these bioactive
compounds during barley sprouting is associated to structural changes of barley matrix that cause the
release of phenolic compounds bound to cellular structures, and also to glycosylation reactions during
germination, enhancing the extraction of free phenolic acids [36,37].

3.7. Effect of Germination on Free and Bound Phenolic Compounds Profile of Sprouted Barley Flours

Table 3 shows the content of free and bound phenolic compounds in barley seed and sprouts
obtained at different conditions. Free phenolic fraction was mainly constituted of flavanols such
as catechin and its dimeric form procyanidin B, while hydroxycinnamic acids, namely ferulic acid,
4-coumaric acid and caffeic acid, were the most abundant bound phenols. Non-germinated barley
seeds contained a high concentration of procyanidin B (12.44 ± 0.80 μg/mg of extract) and catechin
(0.99 ± 0.16 μg per mg of extract) in the soluble fraction (free phenolics), while the insoluble fraction
(bound phenolics) was abundant in ferulic acid (45.06 ± 3.09 μg/mg of extract), 4-coumaric acid,
(2.34 ± 0.40 μg/mg of extract), procyanidin B (1.06 ± 0.14 μg per mg of extract) and 4-hydroxybenzoic
acid (0.45 ± 0.01 μg/mg of extract). The results found in this study are in agreement with those
previously reported in barley [38,39].
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The content of ferulic acid in the bound fraction increased during sprouting as the germination
time augmented at higher temperatures (Table 2 and Figure 6a), which might be attributed to de novo
synthesis in the embryonic axis of sprouted grain [40]. Our results align with those previously observed
in wheat by other authors [41,42], who found an increase of ferulic acid levels after germination
for 24–96 h. As expected, the content of procyanidin B decreased during germination (Figure 6b),
followed by a rise in catechin content. The decrease of procyanidin B levels might be associated with its
degradation to individual catechin monomers to protect the seed at this very vulnerable growth stage.

Figure 6. Response surface plots for predominant free and bound phenolic compounds in germinated
barley flour as a function of two independent variables (time and temperature). (a) Ferulic acid; (b)
Procyanidin B. BS: non-germinated barley flour.

3.8. Effect of Germination on Antioxidant Activity of Sprouted Barley Flours

Total antioxidant activity was measured as a comprehensive assessment through the evaluation
of different antioxidant parameters (Table 2 and Figure 7). The germination process produced an
enhancement of the antioxidant activity, which was mainly time-dependent, exhibiting the sprouts
produced at longer germination times the highest antioxidant activities, regardless of the assay used
for evaluation (FRAP, ORAC, DPPH, TEAC and Q-DPPH). The increase in antioxidant potential in
sprouted barley could be attributed to the release of phenolic compounds from the cell wall components
during germination process, compounds that can act as hydrogen or electron donors [43]. Since DPPH
scavenging activity was also evaluated without a previous extraction step, this antioxidant activity
in sprouted barley cannot be solely attributed to the increase of free phenolic compounds during
germination. These findings suggest that other antioxidant compounds present in barley sprouts, such
as vitamin C, also contribute to its high antioxidant potential.

3.9. Effect of Germination on Glycemic Index (GI) of Sprouted Barley Flours

The GI indicates the rate at which 50 g of carbohydrate in a particular food is absorbed into the
blood stream as blood sugar and ranges from 1 to 100. Glucose is used as reference food and is rated
100. Foods can be classified by their GI, according to Gordillo-Bastidas et al. [44], as follows: (i) High
GI foods (>70), (ii) Medium GI foods (between 56–69) and iii) Low GI foods (≤55).

GI was evaluated in all raw and sprouted barley samples (Table 2, Figure 8). As germination
proceeded, GI increased significantly in barley as consequence of the release of reducing sugars. In fact,
studies performed in barley and brown rice found an enhancement of reducing sugars levels during
germination due to hydrolysis of starch by α-amylase and β-amylase enzymes [31,45].
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Figure 7. Response surface plots for antioxidant activity in germinated barley flour as a function of
two independent variables (time and temperature). (a) FRAP; (b) ORAC; (c). DPPH; (d) TEAC; (e)
DPPH-Q. BS: barley seed flour (non-germinated).

G
I

Temperature (°C)
Time (Days)

(BS)

Figure 8. Response surface plots for glycemic index in germinated barley flour as a function of two
independent variables (time and temperature). BS: barley seed flour (non-germinated).

3.10. Effect of Germination on the Colour and Sensory Properties of Sprouted Barley Flours

Two phenomena were observed when the colour of germinated barley flours was compared with
that of raw barley flour (Table 2, Figures 9 and 10). Germination decreased the brightness (L*) of barley
flour. However, redness (a*) and yellowness (b*) increased as the germination proceed (Table 2). These
results can be attributed to the starch and protein hydrolysis during germination and, subsequently, the
generation of Maillard reaction compounds during drying treatment. Moreover, during the soaking
period, there is a migration of bran pigments into the water and into the endosperm. Moreover,
heating treatments might affect the brown barley colour. These results are in agreement with the results
observed by the sensory panel (Table 2 and Figure 11) who observed an increase in colour change
associated with the loss of brightness and increased flavor intensity in germinated barley. Texture was
also modified, as an increasing coarseness of the powder with germination temperature was observed.
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Figure 9. Response surface plots for color in germinated barley flour as a function of two independent
variables (time and temperature). (a) L* value; (b) a* value; (c) b* value. BS: barley seed flour
(non-germinated).

Figure 10. Colour of flours from germinated barley flour obtained at different conditions of time and
temperature. BS: barley seed flour (non-germinated). Codes 1 to 9 corresponded to the germination
experiments performed according to RSM design (Table 1).
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Figure 11. Response surface plots for sensory properties of germinated barley flour as a function of two
independent variables (time and temperature). (a) Colour; (b) Texture; (c) Flavour. BS: non-germinated
barley flour.

3.11. Multivariate Optimization of Germination Conditions to Obtain High-Quality Germinated Barley Flours

The desirability function was used to select the optimal germination conditions to obtain the
highest predicted values for nutritional and bioactive compounds as well as for antioxidant activity
and the lowest values for saturated fatty acid content and glycemic index. Based on this criterion, the
most suitable germination conditions were temperature and time of 16 ◦C and 3.53 days, respectively,
conditions that provide an overall desirability value of 0.44 (Figure 12).

Figure 12. Optimal germination conditions determined by desirability function. (a) Optimal
temperature; (b) Optimal time.

4. Conclusions

This study demonstrates that germination is a promising process for developing novel nutritive
and functional flours from barley with improved quality features. An increase in germination time
caused an enhancement of the nutritional and bioactive potential of sprouted barley flour, but also an
increase of carbohydrates hydrolysis and, consequently, a higher glycemic index. Since the aim of this
study was to produce improved barley flours from the nutritional and functional point of view, the
use of mild temperatures (16 ◦C) and short times (3.53 days) could be promising to produce nutritive
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barley flours with high antioxidant properties and a low glycemic index, which may be beneficial for
consumers´ health.
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Abstract: This research investigated the effect of sprouting on wheat bran. Bran from un-sprouted
(BUW) and sprouted (BSW) wheat were characterized in terms of chemical composition, enzymatic
activities, and hydration properties. In addition, the rheological properties (using GlutoPeak,
Farinograph, Extensograph, and Rheofermentometer tests) and bread-making performance (color,
texture, volume of bread) of wheat doughs enriched in bran at 20% replacement level were assessed.
Sprouting process caused a significant decrease in phytic acid (~20%), insoluble dietary fiber
(~11%), and water holding capacity (~8%), whereas simple sugars (~133%) and enzymatic activities
significantly increased after processing. As regards the gluten aggregation kinetics, the BSW-blend
profile was more similar to wheat than BUW-blend, indicating changes in the fiber and gluten
interactions. BSW led to a worsening of the mixing and leavening properties, instead, no significant
changes in extensibility were observed. Finally, BSW improved bread volume (~10%) and crumb
softness (~52%). Exploiting bran from sprouted wheat might be useful to produce bread rich in fiber
with enhanced characteristics.

Keywords: bran; cell walls; sprouting; dough rheology; bread-making; microstructure

1. Introduction

Fiber-enrichment of food products has become increasingly important as a means to increase
their nutritional properties. In this context, bran from cereals-with a total dietary fiber content of
30%–50%—is one of the most important source of dietary fiber used in the bread-making industry [1].
However, the inclusion of high levels of fiber in cereal-based products remains a technological challenge,
due to the need to maintain acceptable dough rheological properties as well as sensory attributes.
Indeed, adding high levels of bran to dough leads to an increase in water absorption, a decrease in
both mixing stability and leavening tolerance [2,3]. The most evident effects on the final baked product
are the decrease in loaf volume, the increase in crumb firmness, the appearance of dark crumb, and, in
some cases, the modification of taste with the appearance of bitterness [4].

The detrimental effect of bran addition on bread-making cannot be solely attributed to the dilution
of gluten proteins and to the physical disruption of gluten network, but the physical, chemical, and
biochemical properties of bran should be also considered [5]. Besides specific physical properties—i.e.,
the strong tendency of bran to absorb water that might result in competition for water between bran
and other key flour components like starch and proteins—bran seems to have a certain chemical
reactivity (i.e., between ferulic acid and proteins) which might determine its functionality [5].

Several pre-treatments have been proposed to counter these negative effects, such as: (i) particle
size reduction, which significantly influences the rheological properties of dough in terms of mixing
time, stability and dough resistance to extension [6], (ii) application of high-pressure [7], and (iii)
enzymatic treatment [8], which alters the physical and structural properties of dough and its interaction

Foods 2020, 9, 260; doi:10.3390/foods9030260 www.mdpi.com/journal/foods57



Foods 2020, 9, 260

with water and (iv) fermentation, which improves the bioactivity and baking properties of dough
enriched with wheat bran [9]. Considering all these treatments, the best results were obtained when
exogenous enzymes were used as such [6] or produced by microorganisms [9].

In this context, sprouting (or germination) can be proposed as a bio-technological process able to
promote the accumulation of enzymatic activities. A recent study reported that wholegrain flour from
sprouted wheat could be used to produce bread with improved characteristics (i.e., specific volume and
crumb softness) compared to conventional wholegrain flours [10,11]. Enhancements in bread attributes
were also found by using refined flour from sprouted wheat [12,13]. Specifically, Marti et al. [12]
proposed the use of flour from sprouted wheat as alternative to the conventional enzymatic improvers
in bread-making. Indeed, low amount of sprouted wheat flour (<2%) enhanced the bread-making
attitude of stiff flour, with the advantage of producing a clean label product.

Considering the potential use of flour from sprouted wheat, it remains to elucidate the physical,
chemical, and structural aspects of the wheat milling by-products (i.e., bran) and how these
characteristics might affect the baking performance of bran-enriched wheat bread. Indeed, although in
the literature there is a large amount of study available on the enrichment of baked products in bran,
no information is available on the use of bran from sprouted wheat in bread-making. Starting from
this point, the purpose of this research was to investigate the features of bran obtained from sprouted
wheat and how this ingredient affects both dough rheological properties and bread characteristics.

2. Materials and Methods

2.1. Materials

Wheat kernels (Triticum aestivum L.) were kindly supplied by Molino Quaglia (Molino Quaglia
S.p.A., Vighizzolo d’Este, Italy). A part of kernels (10 tons) was sprouted at industrial scale for 48 h,
and then dried at 60 ◦C for 12 h, as previously reported by Marti et al. [13]. Both samples, un-sprouted
and sprouted kernels, were milled using a laboratory mill (Labormill, BONA, Monza, Italy) to collect
bran (bran yield: 20%).

Wheat brans (bran from un-sprouted and sprouted wheat—BUW and BSW—respectively) were
toasted (Self-Cooking Center®—Rational AG, Landsberg am Lech, Germany) at 200 ◦C for 120 s, in
order to inactivate parts of the enzymes. Bran fractions with particle size >500 μm were further ground
using the Cyclotec 1093 (FOSS, Höganäs, Sweden) to decrease their size (<500 μm). BUW and BSW
were used in replacement of the 20% of a commercial refined wheat flour (CTRL; W = 280 × 10−4 J;
P/L = 1.16) provided by Molino Quaglia (Molino Quaglia S.p.A., Vighizzolo d’Este, Italy). In this way,
two whole-wheat flours were obtained which differences were associated solely to bran type (BUW
or BSW).

2.2. Analytical Methods

2.2.1. Microstructural Evaluation

Kernels from either un-sprouted or sprouted wheat were prepared for confocal laser scanning
microscopy (CLSM) and light microscopy (LM) to specifically evaluate changes due to sprouting
process itself. Specimens were fixed and dehydrated according to Faltermaier et al. [14] then
embedded in a methacrylate resin (Technovit 7100, Wertheim, Germany). After resin polymerization,
10 μm-thick sections were obtained using a rotary microtome (Leitz 1512). Sections were treated, with
2,4-dinitrophenylhydrazine (20 min) followed by washing in tap water (30 min), then in 0.5% periodic
acid (20 min) and again in tap water (30 min) [14]. This procedure is a modification of the periodic
acid–Schiff’s reaction that allows the dye acid fuchsin to be specific for protein without binding to
other polysaccharides like starch.

The staining for protein and cell walls was performed by using 0.1% (w/v) water solution of
acid fuchsin (Sigma-Aldrich, St Louis, MO, USA) for 1 min and 10% (w/v) Calcofluor white for 1 min
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(fluorescent brightener 28, Sigma-Aldrich, Milan, Italy), respectively. Sections were inspected using an
inverted CLSM (Nikon A1+, Minato, Japan). Acid fuchsin was excited at 560 nm and the emission
filter was set at 630–670 nm while Calcofluor white was excited at 409 nm and the emission filter was
set at 430–480 nm. Starch was stained by using Lugol’s solution (5 g I2 and 10 g KI in 100 mL MilliQ
water), and sections were examined after 5 min staining with an Olympus BX light microscope (Tokyo,
Japan) equipped with QImaging Retiga camera (Surrey, Canada).

BUW and BSW were prepared for CLSM as mentioned above and observed exploiting the
auto-fluorescence of the samples. Specimens for SEM observations were prepared according to
Cardone et al. [10] observed using a Zeiss LEO 1430 SEM at 3 kV.

2.2.2. Chemical Composition

Moisture content of bran was evaluated at 130 ◦C until the sample weight did not change by 1 mg
for 60 s in a moisture analyzer (Radwag—Wagi Elektroniczne, Chorzòw, Poland). Total starch content
was evaluated by standard method (AACC 76-13.01) [15]. Sugars were assessed by HPLC by Anion
Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) [16]. Total (TDF),
soluble (SDF), and insoluble (IDF) dietary fiber contents were quantified by an enzymatic-gravimetric
procedure as reported by standard method (AOAC 991.43) [17].

Total and soluble arabynoxylans were determined as reported by Manini et al. [18]. The phytic
acid content was determined by HPLC with spectrophotometric detection as previously reported by
Oberleas and Harland [19].

2.2.3. Enzymatic Activities

α-amylase activity of bran was evaluated by following standard method (AACC 22-02.01) [15].
The analysis of xylanase activity was performed by using the Azo-wheat arabinoxylan kit (K-AZOWAX
09/04; Megazyme International Ireland Ltd., Wicklow, Ireland) with some modifications (i.e., 1 h of
incubation instead of 20 min).

2.2.4. Hydration Properties

The water holding capacity (WHC) of bran was determined as reported by Lebesi and Tzia [20]
by suspending 0.5 g of each bran samples with 45 mL distilled water. Instead, water binding capacity
(WBC) was evaluated according to Zanoletti et al. [21].

2.2.5. Rheological Properties

The effects of bran on flour functionality and bread-making performances were determined on
two blends prepared by substituting the 20% of commercial flour with BUW and BSW at the same
level, respectively. Control flour without bran was also examined.

Gluten Aggregation Properties

The aggregation properties of gluten were investigated by means of the GlutoPeak (Brabender
GmbH and Co. KG, Duisburg, Germany) test, according to Marti et al. [12]. The major indices
considered were: (i) Maximum Torque (MT, expressed in Brabender Equivalents, BE), indicating the
peak following the aggregation of the gluten proteins; (ii) Peak Maximum Time (PMT, expressed in
s), indicating the time to obtain the Maximum Torque; (iii) Total Energy (expressed in GlutoPeak
Equivalent, GPE) indicating the area under the curve from the beginning of the analysis up to 15 s after
the Maximum Torque.

Mixing Properties

Mixing properties were evaluated following to standard method (ICC 115/1) [22] in the 50 g
kneading bowl of the Farinograph-E® (Brabender GmbH & Co. KG, Duisburg, Germany).
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Extensibility Properties

The extensograph test was carried out on a 20 g dough by means of the micro-Extensograph®

(Brabender GmbH & Co. KG, Duisburg, Germany), at three resting times (45, 90, and 135 min). Dough
samples were prepared by following to standard method (AACC 54-10.01) [15], in the 50 g kneading
bowl of the Farinograph-E® (Brabender GmbH & Co. KG, Duisburg, Germany).

Leavening Properties

The Rheofermentometer® (Chopin, Tripette, and Renaud, Villeneuve La Garenne Cedex, France)
was used to analyze dough development and carbon dioxide (CO2) production and retention using the
method described by Marti et al. [13].

2.2.6. Baking Test

A straight-dough method was applied for the production of bread according to Cardone et al. [10].
The amount of water added to the sample and the mixing time of the dough varied for each formulation
according to previously determined farinographic indices. The dough samples were split into
sub-samples of 80 g each, formed into cylindrical shapes, put into square shape bread molds (height:
4 cm; length: 9 cm; depth: 6 cm) and left to leaven for 60 min in a thermostatic chamber at 30 ◦C (70%
relative humidity). To prevent the formation of crust too quickly, the leavened dough was baked in an
oven (Self Cooking Center®, Rational International AG, Landsberg am Lech, Germany) in two stages.
Firstly, the samples were baked at 120 ◦C with vapor injection (90% relative humidity) for 4 min and
then the oven temperature was increased to 230 ◦C for 11 min. The resulting loaves, two hours after
baking, were analyzed or packaged in orientated polypropylene film for three days.

2.2.7. Bread Properties

Color

The evaluation of the browning (100-L*) and saturation of the color intensity (redness and
yellowness, a* and b*, respectively) of bread crust and crumb were assessed with a reflectance color
meter (CR 210, Minolta Co., Osaka, Japan).

Specific Volume

The bread specific volume was performed through the ratio between volume and mass of bread
and expressed in mL/g. The apparent volume was evaluated by the sesame displacement approach.

Crumb Hardness

Crumb hardness was assessed by means of a dynamometer (Z005, Zwick Roell, Ulm, Germany),
equipped with a 100 N load cell as previously described by Marti et al. [23]. Bread samples were
evaluated two hours after baking (day zero), and after one and three days of storage. Crumb hardness
was determined as the maximum compression force at a deformation of 30%. Three central slices
(15 mm thick) of one loaf from each bread-making trial were analyzed. The values of hardness resulting
from each slice of bread were analyzed by applying the Avrami Equation (1):

θ =
(A∞ −At)

(A∞ −A0)
= e−ktn (1)

where θ indicates the fraction of the total change in hardness still to occur, A0, At, and A∞ are
experimental values of hardness at times zero, t and infinity respectively, k is a rate constant and n
(n = 1) is the Avrami exponent. All the parameters were obtained from the modelling process.

60



Foods 2020, 9, 260

2.3. Statistics

Chemical composition, enzymatic activities, hydration properties, and gluten aggregation
properties were determined in triplicate, whereas mixing and leavening properties were analyzed
in duplicate. As regards the extensograph test, the determinations for each sample were made in
duplicate and from each dough two subsamples were analyzed. For the bread production, two baking
tests were carried out, and three loaves were prepared from each baking test. Color measurements
were replicated five times. Bread specific volume, crumb porosity, and hardness were carried out on
six loaves or slices.

To determine differences between means (for BUW and BWS) a paired t-test was applied. Analysis
of variance (one-way ANOVA) was performed by utilizing the Fisher’s Least Significant Difference
(LSD) test. Data were elaborated by Statgraphic XV v. 15.1.02 (StatPoint Inc., Warrenton, VA, USA).

3. Results

3.1. Microstructure Evaluation of Kernels and Brans before and after Sprouting

Microstructural modifications due to sprouting process were evaluated on the whole kernel
to avoid interferences of mechanical breaks possibly brought by milling. Sprouting caused the
hydrolysis of the subaleurone endosperm cell walls, that were no longer visible in sprouted kernels
(Figure 1A,B), and the hydrolysis of some starch granules near the aleurone cells (head arrows in
Figure 1B), consistently with the hydrolytic enzyme synthesis in the aleurone layer. Fluorescence of
Calcofluor white, specific for cell walls especially β-1,4-glucans, considerably decreased in sprouted
kernels (Figure 1C,D). At the same time, the decrease in fluorescence of acid fuchsin suggested a
protein degradation in subaleurone region (Figure 1C,D).

Figure 1. Light microscopy (A,B) and confocal laser scanning microscopy (C,D) of kernels before (A–C)
and after (B–D) sprouting process. AL: aleuron layer, CW: cell wall, SG: starch granule, P: protein.
White head arrows in panel B show hydrolyzed starch granules. Bars are 10 μm in length.

CLSM of brans (Figure 2A,B) clearly show that BUW is almost composed of pericarp and aleurone
layers, whereas BSW is richer in starch granules since large portions of starchy endosperm remained
adherent to the aleurone layer. This difference may be a consequence of different break paths after
sprouting and it explains the lower flour yield of BSW (51% vs. 54%; data not shown). SEM analysis
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confirmed the relevant structural changes induced by sprouting and showed the hydrolysis of starch
granules mainly to occur in the BSW as erosion pits (red arrow in Figure 2E).

Figure 2. Confocal laser scanning microscopy (A,B) and scanning electron microscopy (C–E) of bran
before (A–C) and after (B,D,E) sprouting process. AL: aleuron layer, SG: starch granule. Red arrows in
panel D and E show the effect of amylolytic enzymes as “erosion pits” on the granule surface. Bars are
40 μm in length in panels A,B, 10 μm in length in panels C,D and 5 μm in panel E.

3.2. Effect of Sprouting on Bran Features

Sprouting process increased the amount of total sugars in bran, and specifically glucose, fructose
and maltose (Table 1). The higher starch content in BSW might be the consequence of the different
compactness and, therefore, milling behavior of BUW and BSW, as shown in Figure 2. A significant
decrease in IDF was found after sprouting (−11% in BSW respect to BUW). Instead, the SDF content
of BUW and BSW was not affected by the process. Moreover, sprouting did not induce a significant
degradation and solubilization of arabinoxylans. On the contrary, in the case of prolonged sprouting
(i.e., four days), a significant decrease in the total content of arabinoxylans and an increase in
water-extractable ones was reported in barley [24]. In contrast, the sprouting degraded antinutritive
factors, such as phytic acid, confirming previous studies carried out on wholemeal flours [25].
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Table 1. Effect of sprouting on wheat bran characteristics.

Bran from Unsprouted Wheat
(BUW)

Bran from Sprouted Wheat
(BSW)

Total starch 18.3 ± 0.5 26.9 ± 2.0 **
Arabinoxylans

Total 14.4 ± 0.5 12.0 ± 0.7
Soluble 0.22 ± 0.01 0.29 ± 0.08

Phytic acid 13.98 ± 0.46 11.29 ± 0.02 *
Total Sugar 3.0 ± 0.9 7.0 ± 2.2 *

Glucose 0.14 ± 0.01 0.53 ± 0.02 *
Fructose 0.05 ± 0.01 0.20 ± 0.00 *
Sucrose 2.02 ± 0.20 4.99 ± 0.00 *

Raffinose 0.79 ± 0.02 n.d.
Maltose n.d. 1.29 ± 0.03

Total Dietary Fiber (TDF) 45.4 ± 0.6 40.2 ± 0.9 *
Soluble (SDF) 2.2 ± 0.4 2.0 ± 0.3

Insoluble (IDF) 43.1 ± 0.2 38.2 ± 0.6 *

α-amylase activity 0.094 ± 0.003 143 ± 16 *
Xylanase activity 0.16 ± 0.04 0.35 ± 0.03 *

Water Holding Capacity 4.9 ± 0.1 4.5 ± 0.1 *
Water Binding Capacity 3.9 ± 0.2 3.7 ± 0.2

Values associated with asterisks in the same row are significantly different (t-test, * p ≤ 0.05; ** p ≤ 0.001); n.d.: not
detectable. Compositional and hydration property data are expressed as g/100g sample (d.b.). α-amylase activity
and xylanase activity are expressed as Ceralpha Units (CU)/g flour and as activity/g flour, respectively. TDF, total
dietary fiber; SDF, soluble dietary fiber; IDF, insoluble dietary fiber.

As expected, sprouting promoted an accumulation of both α-amylases and xylanases in the bran
fraction (Table 1). Specifically, the activity of α-amylase in BSW increased by about 1500-fold compared
to BUW, whereas the xylanase activity in BSW was 1.2-fold higher than BUW.

BUW and BSW hydration properties were assessed in terms of their water holding (WHC) and
water binding (WBC) capacity. The WHC significantly decreased after sprouting process, by about 8%
(Table 1). Instead, there was no significant differences between BUW and BSW in terms of WBC.

3.3. Gluten Aggregation and Mixing Properties

During the GlutoPeak test, the speed of the rotating paddle allows the formation of gluten, and a
rapid increase in the torque curve occurs. Additional mixing breaks down the gluten network and the
torque curve declines [26]. The gluten aggregation kinetics of CTRL was typical of a strong flour with
good bread-making performance that is usually characterized by long aggregation time (i.e., PMT),
high torque (i.e., MT) and high energy values (Figure 3 and Table 2).

Replacing 20% of refined wheat flour with both types of bran, the PMT and MT indices significantly
decreased and increased, respectively, resulting a decrease in the energy value, suggesting gluten
weakening [27]. Worsening in gluten aggregation properties where more evident when BUW was
added to CTRL sample, instead of BSW.

The CTRL flour used for making the blends was characterized by a long dough development
time and high stability (Figure 4; Table 2), in agreement with the GlutoPeak test (Figure 3 and Table 2).
When a 20% of flour was replaced by BUW or BSW, a significant increase in water absorption was
observed (Table 2), with BUW-blend absorbing more water than BSW-blend, in agreement with the
hydration properties of the related bran samples (Table 1). Regarding the development time, the
presence of BUW decreased the time needed to achieve maximum consistency (−48%). This effect was
even more evident when BSW was added (−58%). Dough stability, which in wheat dough indicates
dough strength, decreased significantly by about 47% and 72% in the case of BUW- and BSW-blends,
respectively. In contrast to the GlutoPeak test, the farinograph test showed the highest weakening of
the dough when BSW was added.
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Figure 3. GlutoPeak profiles of refined wheat flour alone (solid line) and in presence of bran from
un-sprouted wheat (dotted line) or bran from sprouted wheat (dash line).

Table 2. Gluten aggregation and mixing properties of refined wheat flour alone, with bran from
un-sprouted wheat, or bran from sprouted wheat.

Refined Wheat
Flour (CTRL)

CTRL + BUW CTRL + BSW

GLUTEN
AGGREGATION

PROPERTIES
(GlutoPeak Test)

Peak maximum time (s) 192 ± 3 c 65 ± 1 a 93 ± 4 b

Maximum torque (BE) 40.3 ± 0.6 a 45.7 ± 0.6 c 43.7 ± 2 b

Total Energy (GPE) 3567 ± 112 c 1914 ± 25 a 2059 ± 35 b

MIXING PROPERTIES
(Farinograph Test)

Water absorption (%) 58.1 ± 0.2 a 65.6 ± 0.5 c 61.8 ± 0.5 b

Development time (min) 10.8 ± 0.3 c 5.6 ± 0.3 b 4.5 ± 0.5 a

Stability (min) 23 ± 2 c 12 ± 2 b 6.4 ± 0.07 a

Degree of softening (FU) 15 ± 1 a 44 ± 5 b 103.5 ± 0.7 c

At different letters (a, b, c) in the same row, correspond significant differences (one-way ANOVA, LSD test, p ≤ 0.05).
BUW: bran from unsprouted wheat; BSW: bran from sprouted wheat. Peak maximum time: indicates the time to
obtain the Maximum Torque; Maximum torque: indicates the peak following the aggregation of the gluten proteins;
Energy: indicates the area under the curve from the beginning of the analysis up to 15 s after the Maximum Torque.
BE: Brabender Equivalent; GPE: GlutoPeak Equivalent. Water absorption: amount of water to obtain a dough with
optimal consistency (500 ± 20 FU); Dough development time: time required for the dough development; Stability:
point between arrival time (when the top of the curve reaches the 500 FU line) and departure time (when the top of
the curve leaves the 500 FU line); Degree of softening: difference between the 500 FU line and the dough consistency
at 12 min after the dough development. FU: Farinograph Units.

3.4. Dough Extensibility

Dough extensibility significantly decreased when bran was added, with no significant differences
according to the type of bran (Figure 5a–c and Table 3). In addition, all samples showed a decrease in
dough extensibility as the resting time increased, in particular when the resting time was extended
from 45 min to 90 min. However, the extensibility for the CTRL flour remained practically unmodified
between 90 and 135 min.

Bran-enrichment did not cause any significant modification regarding resistance at 45 and 90 min
of resting time, while after 135 min of resting time, bran caused an increase in dough resistance,
suggesting dough stiffness [28]. This phenomenon is more evident when BSW was included in
the dough.
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Figure 4. Farinograph profiles of refined wheat flour alone (solid line) and in presence of bran from
un-sprouted wheat (dotted line) or bran from sprouted wheat (dash line).

Figure 5. Micro-Extesograph profiles of refined wheat flour alone (solid line) and in presence of bran
from un-sprouted wheat (dotted line) or bran from sprouted wheat (dash line), after 45 min (a), 90 min
(b), and 135 min (c) of resting time.

65



Foods 2020, 9, 260

Table 3. Extensibility properties of refined wheat flour alone, with bran from un-sprouted wheat, or
bran from sprouted wheat.

Resting Time CTRL CTRL + BUW CTRL + BSW

Extensibility (E) (mm)

45 min

209 ± 11 b 119 ± 6 a 132 ± 4 a

Resistance to extension (R) (BU) 353 ± 46 a 423 ± 29 a 431 ± 1 a

R/E ratio 1.7 ± 0.3 a 4.0 ± 0.4 b 3.3 ± 0.1 b

Energy (cm2) 155 ± 9 b 76 ± 2 a 88 ± 2 a

Extensibility (E) (mm)

90 min

182 ± 7 b 104 ± 6 a 109 ± 3 a

Resistance to extension (R) (BU) 405 ± 63 a 512 ± 26 a,b 583 ± 41 b

R/E ratio 2.2 ± 0.3 a 4.9 ± 0.5 b 5.4 ± 0.2 b

Energy (cm2) 147 ± 31 b 77 ± 4a 94 ± 11 a,b

Extensibility (E) (mm)

135 min

185 ± 2 b 97 ± 2 a 97 ± 1 a

Resistance to extension (R) (BU) 430 ± 45a 609 ± 32 b 721 ± 7 c

R/E ratio 2.3 ± 0.3 a 6.0 ± 0.3 b 7.5 ± 0.1 c

Energy (cm2) 163 ± 4 b 85 ± 5 a 101 ± 3 a

At different letters (a, b, c) in the same row, correspond significant differences (one-way ANOVA, LSD test, p ≤
0.05). CTRL: refined wheat flour; BUW: bran from unsprouted wheat; BSW: bran from sprouted wheat. E: dough
extensibility; R: resistance to constant deformation after 50 mm stretching; R/E: ratio of resistance to extension
and extensibility.

The ratio number, which indicates the ratio between the resistance to extension and extensibility,
increased with the addition of bran, confirming the role of this milling fraction in inducing dough
stiffness. This phenomenon is well shown by the high ratio number values at 135 min. The highest
increase in ratio number was recorded when BSW was added to the CTRL flour. Finally, the energy
required for deformation was decreased by the addition of bran, particularly when BUW was used.

3.5. Leavening Properties

Maximum dough height during leavening was not significantly altered by the addition of bran
(Figure 6). On the other hand, the time of maximum dough development decreased, from 180 min in the
control to 161 min and 131 min by adding BUW and BSW, respectively. The time of dough development
and the loss in dough volume (weakening coefficient), was high for all bran-enriched samples, especially
when BSW was added. The decrease in dough stability agrees with the farinograph index. The drop
off after three hours of leavening ranged from 6% and 17.5% for BUW and BSW samples.

Figure 6. Dough development profiles of commercial wheat flour (solid line); with bran from
un-sprouted wheat (dotted line) or bran from sprouted wheat (dash line).

Regarding gas production and retention (Table 4), dough with bran produced more gas than
CTRL and this is due to a higher content of simple sugars (Table 1), which are consumed faster by
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yeast compared to CTRL. This effect was more noticeable when BSW was used. As regards the gas
retention coefficient (Table 4), the BUW addition did not induce a significant negative effect after three
hours of leavening. In contrast, in presence of BSW the gas retention capacity decreased from 94%
(CTRL) to 86%, after the same time (i.e., three hours).

Table 4. Leavening properties of refined wheat flour alone, with bran from un-sprouted wheat, or bran
from sprouted wheat.

CTRL CTRL + BUW CTRL + BSW

Maximum dough height (mm) 51 ± 3 b 47 ± 1 a 47 ± 1 a

Time of maximum dough
development (min) 180 ± 0 c 161 ± 2 b 131 ± 6 a

Dough height at 180 min (mm) 51 ± 3 b 44 ± 1 a 39 ± 1 a

Weakening coefficient at 180 min (%) n.d. 6 ± 1 b 17.5 ± 0.4 a

Total CO2 (mL) 1129 ± 52 a 1301 ± 42 a,b 1476 ± 84 b

Retained CO2 (mL) 1064 ± 45 a 1197 ± 29 b 1271 ± 46 b

Released CO2 (mL) 65 ± 7 a 104 ± 12 a 205 ± 38 b

CO2 retention coefficient (%) 94 ± 1 b 92 ± 0.1 b 86 ± 2 a

Porosity time (min) n.d. 103 ± 4 b 76 ± 4 a

At different letters (a, b, c) in the same row, correspond significant differences (one-way ANOVA, LSD test, p ≤ 0.05).
n.d.: not detectable. CTRL: refined wheat flour; BUW: bran from unsprouted wheat; BSW: bran from sprouted
wheat. Maximum dough height: maximum height reached during the leavening; final dough height: height reached
by the dough at the end of the analysis; maximum height: maximum height relative to gas production; porosity
time: time when the dough porosity appears; total CO2: total amount of CO2 produced; CO2 retained: amount of
CO2 retained in the dough; CO2 released: amount of CO2 released from the dough; CO2 retention coefficient: ratio
between CO2 retained and total CO2.

3.6. Bread Properties

Bran-enriched bread resulted in a darker (increase in 100-L*) and redder (higher a*) crumb and
crust than CTRL bread (Table 5). As expected, this phenomenon was more intense in BSW-enriched
bread. When BSW was added instead of BUW, also the color crumb (Table 5) showed a significant
increase in browning (100-L*) and in redness (a*) levels.

Table 5. Properties of bread from refined wheat flour alone, with bran from un-sprouted wheat, or
bran from sprouted wheat.

CTRL CTRL + BUW CTRL + BSW

Bread Specific volume (mL/g) 2.7 ± 0.6 b 2.2 ± 0.1 a 2.4 ± 0.1 a,b

Crust
Browning (100-L*) 53 ± 4 a 60 ± 4 b 60 ± 1 b

Redness (a*) 9 ± 3 a 12 ± 1 b 12 ± 1 b

Yellowness (b*) 25 ± 2 b 20 ± 5 a 19 ± 1 a

Crumb
Browning (100-L*) 48 ± 3 a 52 ± 2 b 57 ± 2 c

Redness (a*) −1.3 ± 0.2 a 3.80 ± 0.3 c 3.2 ± 0.4 b

Yellowness (b*) 18 ± 1 b 16 ± 1 a 16 ± 1 a

Crumb firming
kinetics

A0 (N) 6.48 6.62 3.12
A∞ (N) 66.01 34.55 31.35

A∞-A0 (N) 59.53 27.93 28.23
k (h-n) 0.186 0.480 0.252

At different letters (a, b, c) in the same row, correspond significant differences (one-way ANOVA, LSD test, p ≤ 0.05).
CTRL: refined wheat flour; BUW: bran from unsprouted wheat; BSW: bran from sprouted wheat. A0: hardness at
times zero; A∞: hardness at infinity; k: rate constant; n: Avrami exponent.

As expected, the addition of bran had a slight negative effect on specific volume, however no
significant differences were found between CTRL and BSW.
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The addition of BSW to wheat resulted in a relevant decrease in crumb hardness (3.1 N) compared
to the other samples (6.0 N). During storage (up to 3 days), only BSW-samples exhibited higher softness
than the CTRL (Figure 7). In addition, the softness of BSW-enriched bread after 3 days was similar in
softness to the CTRL and BUW-enriched breads after one day.

a a 

a a 

a a 

b 

b 

b 

Figure 7. Crumb firmness properties of loaves obtained from refined wheat flour (black), with bran
from un-sprouted wheat (light grey), or bran from sprouted wheat (dark grey) during storage. Values
associated with different letters (a, b) in the same day are significantly different (one-way ANOVA, LSD
test, p ≤ 0.05).

To evaluate the kinetic attitude of starch during the retrogradation phenomena, the Avrami equation
was applied, fixing the value of Avrami exponent (n = 1) as proposed by Michniewicz et al. [29]. The
estimated Avrami coefficient k for bran-enriched bread samples was higher than that for the CTRL
sample. The high coefficient of starch retrogradation with BUW described a fast firming rate. The BSW
led to a decrease in the firming rate (Table 5) compared to the BUW and CTRL. Regarding the firmness
at infinite time (A∞) the highest value was found for the CTRL sample, instead the lowest A∞ was
observed in the presence of BSW. The intensity of staling evaluated as the total firmness increment
(A∞–A0) decreased with the addition of bran, due to the high water binding capacity of fiber. For this
parameter, no difference was observed between bran-enriched breads.

4. Discussion

Due to the recent interest in using refined flour from sprouted wheat in bread-making as flour
improver or ingredient [12,13], it is worthy of interest to investigate the potential use of bran obtained
from the milling of sprouted wheat. In this study, the effect of sprouting was assessed on both physical
and chemical properties of wheat bran. Moreover, the effect of wheat replacement (at 20% level which
is roughly the percentage of bran in wholegrain) with bran from sprouted wheat was studied on both
dough rheology and bread-making performance.

Despite the well-known nutritional benefits of bran, the presence of antinutritional factors (i.e.,
phytic acid) inhibit the absorption of minerals and vitamins [30]. Several authors have been reported
the positive effects of sprouting process on the degradation of phytates in wheat and other cereals [25].
As reported in Table 1, the sprouting conditions applied in the present study caused a significant
decrease in phytic acid.

From the technological standpoint, it is well known that the incorporation of fiber into flour
negatively affects the textural and sensory properties of cereal-based products. Indeed, numerous
negative effects on dough and breads properties have been as attributed to bran, including increased
dough stickiness, decreased mixing, fermentation tolerance, volume, and crumb softness [4]. For this
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reason, it is indispensable to modify the structural properties of fiber (i.e., by increasing the soluble
fraction) to improve the quality of bran-enriched foods. Specifically, the soluble fraction of the dietary
fiber contributes to the creation of the viscosity of the liquid phase of the system [31]. The sprouting
effects on fiber content are reported to be varied and unclear, with increased, decreased and no change
reported for several grains [32]. The sprouting process carried out under the conditions applied in this
study determined a slight decrease in the TDF and IDF content, instead no changes was observed in
terms of SDF (Table 1). A similar trend in dietary fiber change was also found by Koehler et al. [33] up
to 4 days of sprouting at about 20 ◦C. The decrease in TDF is likely due to the breakdown of the water
extractable dietary fiber components to smaller molecules which are not precipitable in ethanol, thus
not counted as dietary fiber by the method used [8,34]. On the other hand, the decrease in IDF might
be due to the xylanase activity developed during sprouting (Table 1). Indeed, such enzymes is the main
responsible for the hydrolysis of xylans, the principal component of hemicellulose (about 30% of cell
walls) [35]. The changes in dietary fiber component ratio might affect the functional properties of foods,
which are mainly related to fiber-water interactions (i.e., water holding capacity (WHC) and water
binding capacity (WBC)). The WHC indicates the amount of water that fibers can absorb in the absence
of an external force, instead, WBC represents the amount of water that remains bound to fiber after the
application of an external force [36]. Sprouting process affected fiber-water interactions as result of
the changes induced by the xylanase activity developed during the process (Table 1). Specifically, the
decrease in WHC in BSW could be due to the decrease in IDF [37] and perhaps to the lower (even if not
statistically significant) content of water-unsoluble arabinoxylans, compared to BUW (Table 1). Indeed,
water-unsoluble arabinoxylans are characterized by a stronger WHC compared to the water-soluble
ones [38]. The significant decrease in IDF and the slightly increase in water-soluble arabinoxylans in
BSW could also explain its lower ability to absorb water in dough system (see farinograph index; Table 2)
compared to BUW. Indeed, these two components are responsible for the WHC of the fiber-enrich
foods [39]. The xylan-degradation might profoundly modify the bran attitude in bread-making, likely
due to modification in water distribution caused by losing their strong water-holding capacity [40]. In
order to improve the bran enriched-bread acceptance, generally hemicelluloses (e.g., endoxylanase) are
used in bread-making [39], since the soluble arabinoxylans released contribute to forming a hydrated
network, together with gluten-forming proteins [41].

To understand the effects of sprouting on fiber-protein interactions, the bran-enriched flours were
assessed by means of GlutoPeak test. Generally, flour with good bread-making quality is characterized
by a much slower buildup in dough consistency, require more time to reach peak consistency and
show high maximum torque [26]. Regardless the type of bran, the profile of bran-enriched flour
samples suggested a weakening of gluten network, since the presence of fiber causes deleterious
effects on dough structure due to the dilution of the gluten matrix [3]. Several authors postulated that
the worsening of dough attributes cannot be related to gluten dilution only [4], but also to physical,
chemical, and/or biochemical bran properties [5]. As reported in Table 2, BSW-blend profile showed
longer peak maximum time than BUW-blend, suggesting that sprouting attenuated the negative impact
on gluten aggregation properties. A possible reason is that the higher insoluble content of dietary fiber
in the BUW-blend allowed the formation of a viscous film that hindered the interaction among flour
particles [42], preventing the formation of a strong gluten network like that of BSW-blend. In addition,
even the decrease in phytic acid content in the BSW-sample could play a role in determining a less
negative impact on gluten aggregation. Indeed, phytic acid might react with gluten-forming proteins
worsening their aggregation capacity [43,44]. Last but not least, the amount of ferulic acid—whose
interaction with proteins negatively impact the gluten formation [5]—decreased upon sprouting [45].

The gluten weakening resulted from the addition of bran was also observed in dough system,
evaluated as mixing properties (i.e., dough development time and stability, and degree of softening)
(Table 2). In this system, the addition of BSW had a greater impact than BUW (Table 2). This result
might be due to proteases expressed in the bran layers during sprouting process, as shown by CLSM
(Figure 1D). The effect of proteases is evident during the farinograph test that provides for long mixing
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time (about 20 min). In accordance, Marti et al. [12] reported that after 48 h of sprouting, proteases in
refined flour increased from 0.66 to 1.43 unit*g−1.

Despite the worsening of mixing properties, the enzymatic activity developed during sprouting
did not further worsen the extensibility properties of the dough (Table 3). Indeed, differences between
BUW- and BSW-blends were observed only after 135 min in terms of resistance to extension and
energy (Table 3). The high capacity of the BSW-blend to maintain the extensibility properties could be
attributed to the new interactions established between the gluten network and the fiber able to partially
contrast the negative effect of the hydrolytic activity developed during the sprouting process and
activated during the test (Table 1). Selinheimo et al. [46] reported that proteases—specifically laccase
which could play some role in the pre-harvest sprouting—increase the maximum resistance and, at the
same time, decrease the extensibility of the dough. Moreover, it was reported that the use of cell-wall
degrading enzyme (xylanases) increases the resistance to extension in wheat doughs [46,47]. The
parameter of resistance to extension is an indicator of dough-handling properties and it is positively
correlated to dough volume, since doughs characterized by a high resistance to deformation show
better performance in bread-making [48]. In that respect, the more resistant gluten of BSW-blend led to
a bread characterized by higher volume than BUW, although not statistically significant (Table 5). We
expect that differences between the samples will be highlighted whenever the bread-making trials
will be carried out on larger scale (i.e., >250 g loaf), instead of micro-scale, as in this study, or using
different leavening processes.

The improvement of bread in the presence of BSW (Table 5) can also be linked to the xylanase
activity developed during the sprouting process (Table 1). Indeed, in bread-making, xylanases are
commonly used to improve dough handling properties [49], and loaf volume [49,50].

As regards crumb firming rate, it was evaluated by using the Avrami equation (1). In general,
samples with high firmness rate constant (k) values are characterized by fast crumb firming kinetics,
whereas, low k values lead to a slow firming kinetics. Both firmness rate constant and initial crumb
firmness showed a decrease when BSW was used (see crumb firmness kinetic values; Table 5) instead
of BUW. This result might indicate that the xylanase activity developed during sprouting process
improved the initial crumb texture and its firming rate of the resulting bread (Table 5). Indeed, the
positive effects of xylanases on bread are related to the cleavage of the backbone of arabinoxylans,
with the consequent release of water and decrease in water-insoluble pentosane [51]. In addition
to xylanases, also α-amylases have positive effects on dough development and crumb staling. The
greater presence of fermentable sugars in the BSW (Table 1)—consumable by yeasts for their growth
and CO2 production—might have contributed positively to the decrease in leavening time (Table 4)
and to the greater volume of the corresponding bread (Table 5) [52]. The presence of BSW enhanced
the textural properties of loaves, since the crumb hardness—already after two hours of baking—was
significantly lower compared to the other samples. This difference is not due to either the crumb
moisture, which was not statistically different among the samples (data not shown), or to the crumb
porosity, as the BSW-bread was characterized by the lowest value of this index. On the contrary, the
crumb texture improvement is due to the α-amylase activity, whose effects have been demonstrated in
several studies [53–55]. Furthermore, the high α-amylase activity of the BSW had positive effects on
firming rate of the corresponding bread crumb (Table 5).

In conclusion, this research provides information about the effects induced by sprouting process
on the chemical and physical properties of bran and how these features affect its interaction with
water and gluten in both slurry (using the GlutoPeak test) and dough systems. Last but not least,
the effect on bread were considered. Unlike the numerous studies present in the literature, where
the enzymatic treatments were conducted directly on bran, isolated after milling (i.e., fermentation,
addition of enzymes), in this study the bio-technological treatment was performed directly on the
wheat kernels. Using bran from sprouted wheat in bread-making has led to positive effects in terms of
gluten aggregation kinetic, bread volume and crumb softness, compared to the use of conventional
bran. Thus, bran from sprouted wheat might represent a valid strategy to produce staple foods rich in
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fiber with high quality traits. Moreover, the use of milling by-products is a good approach to decrease
food losses. Finally, results from this study might encourage the use of bran from sprouted wheat in
small amount in bread formulations to replace the use of exogenous enzymatic improvers and create
clean-label products.
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Abstract: The consumption of fruits, vegetables, nuts, legumes, and whole grains has been associated
with a lower risk of colorectal cancer (CRC) due to the content of natural compounds with antioxidant
and anticancer activities. The oat (Avena sativa L.) is a unique source of avenanthramides (AVAs),
among other compounds, with chemopreventive effects. In addition, oat germination has shown
enhanced nutraceutical and phytochemical properties. Therefore, our objective was to evaluate the
chemopreventive effect of the sprouted oat (SO) and its phenolic-AVA extract (AVA) in azoxymethane
(AOM)/dextran sulfate sodium (DSS)-induced CRC mouse model. Turquesa oat seeds were germinated
(five days at 25 ◦C and 60% relative humidity) and, after 16 weeks of administration, animals in the
SO- and AVA-treated groups had a significantly lower inflammation grade and tumor (38–50%) and
adenocarcinoma (38–63%) incidence compared to those of the AOM+DSS group (80%). Although
both treatments normalized colonic GST and NQO1 activities as well as erythrocyte GSH levels,
and significantly reduced cecal and colonic β-GA, thus indicating an improvement in the intestinal
parameters, the inflammatory states, and the redox states of the animals, SO exerted a superior
chemopreventive effect, probably due to the synergistic effects of multiple compounds. Our results
indicate that oats retain their biological properties even after the germination process.

Keywords: germinated oat; avenanthramides; colorectal cancer; chemoprevention

1. Introduction

Colorectal cancer (CRC) is the third most diagnosed malignancy and the fourth leading cause of
cancer death around the world, and its burden is expected to increase by 60% to more than 2.2 million
new cases and 1.1 million cancer deaths between now and 2030 [1]. CRC presents as a series of genetic
and morphological changes in the colonic epithelium, which begins with the formation of aberrant
crypt foci (ACF), followed by polyps and adenomas, until the development of adenocarcinomas
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occurs [2]. The etiology of this disease is diverse; however, there are two main risk factors associated:
80–90% of CRC cases are due to environmental factors such as diet and lifestyle, while only 10–20%
are due to hereditary factors or genetic alterations. In this regard, diets high in saturated fat and the
consumption of processed red meats along with diets low in vegetable and cereal intake increase the
risk of CRC [3–5].

Cereals constitute the main source of food worldwide; they are also considered to have high
nutritional value, as they contain several beneficial elements, such as starch, proteins, fiber, lipids,
and phytochemicals [6]. Oats are an important source of livestock feed worldwide, both as forage and
as a nutritious grain. Like all other cereal grains, oats belong to the Pomaceae family (also known
as the Gramineae). Avena sativa L. (common oat) is considered the most important species among
cultivated oats [7]. In this sense, oats of the Turquesa variety, derived from a cross with the Karma
variety, have the characteristics of high adaptation, yield stability, and disease-resistance [8].

In recent years, oats have attracted growing attention as a health food, involved in a lower
risk of cardiovascular diseases (CVD), type 2 diabetes mellitus (T2DM), gastrointestinal disorders,
and cancer [9]. Those properties have been attributed to their content of various bioactive compounds,
such as β-glucan, the main component of the soluble fiber in oats. There is evidence revealing that
soluble and insoluble β-glucan exerted favorable effects in preventing colon cancer in a dose-dependent
manner, although the specific mechanism might be different [10]. Furthermore, oat β-glucan exhibited
an anti-inflammatory effect against colitis through inhibition of expression of pro-inflammatory factors
in a DSS-induced ulcerative colitis model [11]. In addition, oats have been associated with the
presence of several antioxidant compounds, such as tocopherols and tocotrienols, which have the
ability to act as strong free-radical scavengers, also showing the capacity to inhibit the proliferation of
malignant colon cancer cells [12]. The inhibitory effects of avenacosides (oat-unique steroidal saponins)
against the growth of human colon cells has also been evaluated through diverse mechanisms,
such as the inhibition of tumor cell growth by cell cycle arrest and the stimulation of apoptosis,
among others [9]. Moreover, phenolic compounds, such as ferulic acid and avenanthramides (AVA),
are the most abundant components in oats and have documented antioxidant, anti-inflammatory,
and antiproliferative activities [13,14]. In vitro studies indicate that AVAs prevent cancer mainly by
blocking reactive species, and exhibit potential therapeutic activity through the modulation of different
pathways, including the activation of apoptosis and senescence and the blocking of cell proliferation.
In this context, AVA-A (2p) notably attenuated tumor formation in an azoxymethane (AOM)/dextran
sulfate sodium (DSS) model, most likely through the induction of cellular senescence [15].

On the other hand, cereal sprouts have received considerable attention as functional foods in many
countries, especially in Europe, the United States of America, and Japan, due to their superior nutritious
and health benefits compared to seeds [16]. The germination of cereals has been used for centuries
to soften kernel structure, decrease the content of antinutritive compounds, and to increase nutrient
content and availability [17]. In this regard, an increase in the nutraceutical and phytochemical profile
of oats could improve their biological activities, such as in the case of AVA-C (2c) from germinated
oats, which exhibited antiallergic and anti-inflammatory activities [18]. Additionally, numerous
trials and animal studies have demonstrated the bioavailability and bioaccessibility of polyphenolic
compounds of oats, especially AVAs, and their association with an improved antioxidant status [19–22].
Similarly, mounting evidence highlights that the absorption, bioavailability, and metabolism of several
phytochemicals is a crucial factor in determining their biological activity against colon cancer [23].
Therefore, the metabolism of dietary flavonoids in the digestive tract by the gut microbiota is important
for increasing their bioavailability and determining their impact on our health.

To the best of our knowledge, only a few studies have focused on the relationship between an
enhanced phytochemical profile and the biological values of cereal sprouts, and there is currently not
enough available information regarding the chemopreventive activity of germinated oats. Therefore,
the purpose of this investigation was to evaluate whether the sprouted oat (SO) of the Turquesa
variety still possessed effective physiologically bioactive compounds, i.e., phenolics, flavonoids, AVAs,

76



Foods 2020, 9, 169

and phytosterols, and whether it exerted antioxidant and anti-inflammatory effects, as well as the
capacity to improve relevant intestinal parameters (pH and β-GA activities) in an AOM/DSS-induced
CRC mouse model.

2. Materials and Methods

2.1. Oat Seed Germination

Oat (Avena sativa L.) seeds of the “Turquesa” variety were donated by Instituto Nacional de
Investigaciones Forestales, Agrícolas y Pecuarias (INIFAP) Campo Experimental Bajío, Celaya, GT,
MEX. For the germination process, seeds (100 g) were soaked in 1.5% sodium hypochlorite (1:6 w/v)
for 30 min at 30 ◦C. Then, seeds were drained and washed with distilled water until they reached a
neutral pH. Afterwards, seeds were soaked in distilled water (1:6 w/v) for 12 h with occasional shaking.
Finally, hydrated seeds were placed in trays where a wet filter paper was extended, and then covered.
The trays were introduced into a germination chamber, and filter paper was watered daily; chamber
temperature and relative humidity (RH) were set at 25 ◦C and 60% RH, respectively. Germination was
performed in darkness for five days and the experiment included three replicates. Based on previous
studies, these conditions proved to be effective in ensuring the germination of the oat seeds. At the
end of the process, the germination percentage was determined based on the total number of fully
emerged seedlings, and the radicle length (mm) was measured using a Vernier caliper. Afterwards,
oat sprouts were manually cleaned up from impurities and soil contaminants, and were immediately
dried at 50 ◦C for 12 h, ground in a mill, and passed through a mesh with a particle size of 0.5 mm.
Finally, the sprouted oat (SO) flours were stored at 4 ◦C until the analyses.

2.2. Chemical Analysis (Proximate Analysis) and Phytic Acid Content

The Official Methods of Analysis of the Association of Official Agricultural Chemists (AOAC)
were used to determine the moisture (method 925.10), crude fat (method 920.85), protein (method
920.87), ash (method 923.03) [24], and crude fiber [25] contents of SO flours. The carbohydrate content
was calculated by difference. The insoluble and soluble fiber contents were determined by a Megazyme
β–Glucan Assay Kit Mixed Linkage (Megazyme kit, Wicklow, IRL). Insoluble and soluble fiber contents
are expressed as a percentage. The phytic acid content was determined according to the method of
Latta and Eskin [26] and expressed as a percentage. All determinations were performed according to
three independent experiments, which included mean values of three technical repetitions.

2.3. Methanolic Extraction and Quantification of Total Phenolic Compounds (TPCs)

TPCs were quantified in the SO flour samples according to Singleton and collaborators [27].
Briefly, extractions with methanol/water (50:50, v/v) acidified with HCl (pH 2) and acetone/water (70:30,
v/v) were combined and used for the quantification of TPC using the Folin–Ciocalteu procedure. The
results of the TPCs were expressed as mg of gallic acid equivalents (GAE)/g of SO flour.

2.4. Abundance of Phenolic Compounds by Ultra–Performance Liquid Chromatograph (UPLC)–Mass
Spectrometre (MS)

The polyphenolic extract previously mentioned was concentrated and assessed by an
ultra–performance liquid chromatograph (UPLC) coupled to a photodiode array (PDA) detector
and a quadrupole time-of-flight (QTOF)–MS with an atmospheric pressure electrospray ionization
(ESI) (Vion, Waters Co., Milford, MA, USA) interphase for the identification of the compositions
of polyphenols and AVAs. The polyphenol extract was resuspended in 1 mL of the mobile phase
(95% acidified water with 0.1% formic acid and 5% of acetonitrile acidified with 0.11% formic acid) and
filtered (Polyvinylidene fluoride syringe filters, 0.2 μm). Samples were kept at 10 ◦C in the automated
injector system and injected (1 μL) into an Acquity BEH column (100 × 2.1 mm, 1.7 μm) at 35 ◦C
under gradient conditions. The ESI–QTOF–MS conditions were as follows: Data acquisition, negative
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ionization mode (ESI-); mass range, 100–1200 Da; capillary voltage, 2.0 kV; cone voltage, 40 eV; collision
energy, 6 V (low) and 15–45 V (high); source temperature, 120 ◦C; desolvation gas (N2), 450 ◦C at
800 L/h; cone gas flow, 50 L/h; lock mass correction, leucine enkephalin (50 pg/mL) at 10 μL/min.

UPLC-QTOF analysis was made as previously reported by Rodríguez–González and
collaborators [28]. Peak identity was established by comparison of the exact mass of the
pseudomolecular ion (confirmation through molecular composition with a mass error <10 ppm,
isotopic distribution, and fragmentation pattern). Mass spectra were analyzed in comparison with the
following libraries: Phenol-Explorer, Food Database, and PubChem.

2.5. Animals and Treatments

Male CD-1 mice (3–4 weeks of age) were purchased from the Institute of Neurobiology, Campus
UNAM-Juriquilla (QT, MEX). The experiments on animals were performed in accordance with the
Animal Care and Use protocol and were approved by the Ethics Committee of the Autonomous
University of Queretaro (Project identification code: CBQ18/069, approved: 19 June 2018). Animals
were housed in metallic cages (two or three mice per cage) and maintained under controlled conditions
(12 h dark/light cycles at 25 ◦C and 50% ± 10% RH). Mice had free access to water and a standard
pellet diet (rodent diet 501, LabDiet, USA). After two weeks of acclimatization, mice were randomly
assigned to four experimental groups. Group 1: Normal (n = 10); group 2: AOM + DSS as control
group (n = 10); group 3: AVA + AOM + DSS (n = 8); group 4: SO + AOM + DSS (n = 8). Animals in
groups 1 and 2 were intragastrically fed with a vehicle (200 μL of saline solution). Mice in groups 3
and 4 were gavaged every morning with the phenolic-AVA extract (0.084 mg GAE/day) and 30 mg/day
of SO (equivalent to 0.084 mg of phenolic extract), respectively, dissolved in 200 μL of saline solution
as a vehicle, throughout the 16 week period, with an exception at week 6. After four weeks, animals
in groups 2–4 were intraperitoneally injected with AOM (10 mg/kg; dissolved in NaCl 0.9%); a week
later, animals received DSS (2% in the drinking water) ad libitum for seven days. Mice were weighed
weekly; stool samples of 24 h were collected at week 15. Animals in all groups were euthanized by
guillotine decapitation after a 16 week experimental period. Immediately after decapitation, the blood
of each animal was collected, mixed by inversion to prevent clot formation, and centrifuged. The
plasma and erythrocytes were separated, and erythrocytes were lysed. Afterward, the colons of the
rats were immediately excised, and cecal and colonic contents were collected separately, immediately
frozen, and stored at −70 ◦C for pH and β-GA analyses. The livers were also removed, cleansed with
saline solution, and frozen with liquid nitrogen. All samples and organs were stored at −70 ◦C until
their utilization for the corresponding analysis.

2.6. Assay of β-Glucuronidase Activity (β-GA) and pH in the Cecal, Colonic, and Fecal Contents

Cecal and colonic contents, as well as feces, were suspended in high–performance liquid
chromatograph (HPLC) water (relation 1:5 w/v) and sonicated with icing for 3 min at 4 ◦C. Samples
were centrifugated at 500 g for 15 min at 4 ◦C, and the supernatants were used for β-GA and pH
values according to Jenab and Thompson [29]. β-GA was measured at 540 nm, and the amount of
phenolphthalein released was determined using a phenolphthalein standard curve. β-GA is expressed
as μg phenolphthalein per hour per g content.

2.7. Macroscopic and Histopathology Analyses

Colons were rinsed with saline solution, opened longitudinally, divided into proximal and distal
sections, and inspected for macroscopic pathological lesions. Macroscopic lesions were cut and fixed
in 10% buffered formalin, embedded in paraffin blocks, and processed for subsequent hematoxylin
and eosin (H&E) staining and tumor classification according to Astler and Coller [30]. Lesions of the
colon were classified as normal, inflammations (grade: +, ++, and +++), or adenocarcinomas [31].
The histopathological analysis of colonic lesions also consisted of the classification of infiltrating
lymphocytes, presence of eosinophils, calceiform cells, muscularis externa, necrosis area, and mitosis
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percentage as a strategy to further characterize colonic inflammation in all groups [31–34]. The
histopathological examination was performed by two observers independently. Differences of one or
more grades were re-examined by both observers before reaching a final consensus.

2.8. Erythrocyte-Reduced Glutathione (GSH) Level

GSH content in erythrocytes was measured according to Ellman’s procedure [35]. First,
erythrocytes were lysed and sulfosalicylic acid (5%) was added as a protein precipitation agent;
then, samples were centrifuged, and the supernatants were assayed for GSH content. Protein
concentration was determined by the bicinchoninic acid (BCA) protein assay kit (Pierce Thermo
Scientific) using bovine serum albumin (BSA) as the standard. Levels of GSH are expressed as μM of
GSH per mg protein.

2.9. Phase 2 Enzyme Assays

Total glutathione S-transferase (GST) and NAD(P)H:quinone oxidoreductase 1 (NQO1) activities
in colonic and hepatic cytosolic fractions were measured according to the methods by Habig and
collaborators [36] and Prochaska and collaborators [37], respectively. Protein concentration was
determined by the BCA assay using BSA as standard. Enzymatic activities are expressed as nmol of
product per min per mg protein.

2.10. Statistical Analysis

Results are expressed as means ± standard error (SE), except for the chemical and nutraceutical
characterization of SO and oat seed data, which are expressed as means ± standard deviation (SD).
Statistical significance for chemical composition and nutraceutical compounds of SO was determined
by Student’s test at p < 0.05. For the in vivo study, statistical significance was determined by ANOVA
followed by Tukey’s test at p < 0.05. The Chi-square test was used to determine differences in the
macroscopic and histopathological classifications of colonic lesions. Correlations were assessed by
Pearson correlation analysis at p < 0.05. Statistical analyses were performed using JMP version 11.0.0
(Systat Software, Inc., San José, CA, USA).

3. Results

3.1. Characterization of Chemical Composition and Nutraceutical Compounds of Oat Seeds after the
Germination Process

An increase in phenolic compounds, as well as changes in chemical composition, was
demonstrated during the germination of grains. Therefore, the proximal compositions and nutraceutical
determinations of SO flour and oat seeds are shown in Table 1; in addition, a measurement of phytic
acid was carried out after five days of germination in darkness at 25 ◦C/60% RH. Under this condition,
we reached 100% of germination and a radicle length of 6.47 ± 0.22 cm. Protein and lipid contents,
as well as moisture, were higher in SO, whereas carbohydrate and ash contents were lower after oat
seed germination at 25 ◦C/60% RH. Similarly, total fiber was also lower in SO, and soluble fiber was
most affected by the germination process; more importantly, phytic acid, an antinutritional compound
present in oats, was 10 times lower in oat sprouts.

As expected, TPC was higher in the germination condition (25 ◦C/60% RH) compared with that of
the raw seed. Therefore, we aimed to identify some of the phenolic families present in the methanolic
extract of SO by UPLC-MS.
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Table 1. Chemical analysis, insoluble and soluble dietary fiber, phytic acid, and total phenolic contents
in oat seed and SO (Turquesa variety) after five days of germination in darkness at 25 ◦C/60% relative
humidity (RH).

Sample Protein 1 Carbohydrates 2 Lipids 1 Ash 1 Moisture 1

Oat seed 8.83 ± 0.23 a 73.37 ± 1.1 a 4.41 ± 0.20 a 3.99 ± 0.30 a 9.4 ± 0.7 a

SO 10.05 ± 0.30 b 71.08 ± 0.7 b 5.55 ± 0.01 b 3.62 ± 0.10 b 9.7 ± 0.2 a

Insoluble Fiber 1 Soluble Fiber 1 Total Fiber 1 Phytic Acid 1 TPC 3

Oat seed 55.04 ± 1.89 a 18.49 ± 0.74 a 73.53 ± 2.51 a 0.44 ± 0.0 a 0.64 ± 0.01 a

SO 30.87 ± 4.23 b 2.28 ± 0.52 b 33.15 ± 4.65 b 0.04 ± 0.0 b 2.79 ± 0.06 b

The results represent the average of three replicates ± standard deviation (SD). 1 Expressed as percentage (%) on
dry basis, except for moisture. 2 Calculated by difference. 3 Expressed as mg of gallic acid equivalent (GAE)/g.
TPC: Total phenolic compounds. SO: Sprouted oat. Values with different letter(s) within a column are significantly
different according to Student’s test (p < 0.05).

3.2. Phytochemical Profile Induced after Germination of Oat Seeds at 25 ◦C/60% RH

This study identified polyphenolic families previously reported in the literature, such as AVAs,
saponins, hydroxybenzoic acids, flavonols, and flavones. In addition, families not previously reported
in the literature in oat grains and SO were identified here, which include mainly isoflavones, lignans,
and phytosterols.

Table S1 (Supplementary Material) shows the phytochemical profiles of oat seeds and SO. Firstly,
SO exhibited four major AVAs: AVA-D, AVA-L, AVA-G/1c/2p isomer I, and AVA-B, with AVA-D being
the most abundant. As for the family of saponins, avenacoside A was identified in both whole oats
and germinated seeds. (Epi)-catechin isomer II and (Epi)-catechin hexose isomer II were the major
flavanols in SO. On the other hand, apigenin apiosyl-hexoside and luteolin apiosyl-malonyl-hexoside
were identified as the two major flavones, whereas low levels of apigenin glucuronide, luteolin
7-O-hexoside, and hydroxyluteolin were detected in SO. Kaempferol pentoside-hexoside-rhamnoside
was the flavonol most abundantly detected in SO, whereas quercetin dihexoside, quercetin xyloside,
kaempferol, and quercetin acetyl-hexoside-rhamnoside were present with lower abundance.

We identified members of the hydroxybenzoic acids family in raw seeds and SO that was not
previously reported in the literature, such as gallic acid hexoside isomer I, hydroxybenzoic acid
isomer II, and benzoic acid, while protocatechuic acid was only detected in SO. Acetylgenistin and
acetyldaidzin were the two main isoflavones in SO, whereas hydroxydihydrodaidzein isomer II was
only detected in SO with the lowest abundance. Acetoxypinoresinol and secoisolariciresinol were
identified as the major lignans. It is important to note that there are no previous reports in which the
lignin family has been identified in oat seeds. On the other hand, the most abundant phytosterols were
β-campesterol hexoside and β-sitosterol hexoside; conversely, β-campesterol was only detected in SO
with the lowest abundance.

3.3. Effect of Sprouted Oat (SO) and Its Phenolic AVA Extract (AVA) on Body Weight and Intestinal Parameters
in CD–1 Mice Induced with AOM and DSS

In order to evaluate the chemopreventive efficacy of the sprouted oat (SO) and its phenolic AVA
extract (AVA) in an AOM/DSS model, body weight was monitored weekly and pH values and β-GA
activity were determined in cecal, colonic, and fecal samples (Table 2). At the end of the 16 week
experimental period, the Normal and AOM + DSS-treated groups showed similar body weight gains.
Therefore, no statistical differences were found in the final weights among the experimental groups
(p > 0.05). These results suggest that, under experimental conditions, the carcinogenic and promoting
agents (AOM + DSS), as well as the SO and AVA treatments, did not cause adverse effects related to
nutrient absorption or animal growth. However, we observed anal discomfort in some mice from the
14th week of induction with AOM + DSS. In the AOM + DSS control group, four animals had rectal
bleeding and five animals developed anal prolapses; meanwhile, only two animals from the AVA
group and three from the SO group developed anal bleeding, and only one from each group developed
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anal prolapse. From week 15, bloody feces and diarrhea were more frequently observed in the AOM +
DSS control group compared to those in AVA- and SO-treated groups. Animals with these conditions
were individually assigned in cages and evaluated by a veterinarian on a routine basis. Regarding the
survival of the animals under study, Normal and AOM + DSS control groups showed a survival rate of
100%, while AVA- and SO-treated groups showed an 89% survival rate with the death of one animal in
each group, which, according to the autopsies performed by the veterinarian, were due to causes other
than cancer (i.e., lack of the development of the frontal incisors and bodily injury in the metabolic cage).

As we previously reported, increased β-GA and pH values have been related to the carcinogenic
effect of the AOM in the presence of DSS [38]. Therefore, β-GA and pH values in fecal, cecal, and colonic
samples collected before and during the euthanizing of the animals were also determined, and the
results are shown in Table 2. Although not statistically different, all AOM + DSS-treated groups
had higher pH values in cecal, colonic, and fecal samples, with the values of the SO + AOM + DSS
group most similar to those of the Normal group. As expected, the level of β-GA in the cecal, colonic,
and fecal samples of the AOM + DSS control group was statistically higher than those of the Normal
group (p < 0.05). Interestingly, both AVA and SO treatments significantly reduced β-GA levels in cecal
and colonic samples, with the highest effect occurring in colonic β-GA values of the SO-treated groups
(36% lower in comparison with that of the AOM + DSS control group).

3.4. Anticarcinogenic Effect of Sprouted Oat (SO) and Its Phenolic AVA Extract (AVA) on the Macroscopic and
Histopathological Quantitative Classification of Colonic Lesions Induced with AOM and DSS in Male CD–1 Mice

The lesions found in the colon of each of the animals were classified macroscopically as flat-type
lesions, called early lesions or plaques, and more advanced lesions, called polyps or tumors. The latter
are defined as protuberances of cells that protrude into the intestinal lumen, which are characterized
by increased cell division, and can be benign and asymptomatic lesions or capable of evolving into
malignant lesions [39,40].

Table 3 shows the results derived from the early lesion and tumor counts found in mice of the
experimental AOM + DSS model. The Normal group had an early lesion incidence of 10%, and no
tumors were developed in animals in this group (p < 0.05). On the other hand, AVA- and SO-treated
groups had the highest incidence of early lesions (100%) compared to that of the AOM + DSS control
group (60%); however, the AOM + DSS control group showed the highest tumor incidence (80%) of all
AOM + DSS-treated groups.

In addition, the distribution of the lesions (flat-type lesions and tumors) was also analyzed. As
expected, most of the plaques and tumors in AOM + DSS-treated groups were found in the distal
portion of the colon (80–100%) and, according to tumor classification, polyps in the AOM + DSS
control group were mostly of the sessile type, followed by pedunculate-type polyps. Interestingly,
both tumor types were reduced in SO- and AVA-treated groups; moreover, animals in the SO-treated
group developed only pedunculate polyps.

The histopathological study also included analyses of the inflammation grade and dysplasia,
as well as the incidence of adenocarcinomas; however, only inflammation grade and adenocarcinomas
were considered (Table 4, Figure 1). The Chi-square test revealed a significant difference (α = 0.05)
with respect to the incidence of adenocarcinomas. As expected, none of the animals in the Normal
group developed adenocarcinomas; however, one of them (10%) presented a medium inflammation
grade (++). In the AOM + DSS control group, 80% of the animals developed adenocarcinomas,
and 20% showed an inflammation grade of +++. Mice in the SO + AOM + DSS group exhibited the
lowest adenocarcinoma and inflammation incidence (38%); however, the phenolic AVA extract did not
exert the same protection, with the incidences of adenocarcinomas and inflammation being 63% and
25%, respectively.
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×100 
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Figure 1. Histopathological examination of colonic mucosa of azoxymethane (AOM) + dextran sulfate
sodium (DSS)-treated mice. Hematoxylin and eosin (H&E) staining: (a) Normal tissue; (b) low-grade
inflammation (+); (c) medium-grade inflammation (++); (d) high-grade inflammation (+++); (e)
adenocarcinoma. n = 8–10 mice per group.

As inflammation was still present at the end of the experimental period (16 weeks), a quantitative
and descriptive classification of the damage in the colon based on lymphocyte infiltration, eosinophils,
calceiform cells, epithelial ridges, necrosis, and mitosis presence in tissues of the colon was carried out
as a strategy to characterize colonic inflammation (Table 4, Figure 2). In this sense, AVA- and SO-treated
groups showed a similar behavior: Medium lymphocyte infiltration, the presence of eosinophils
and epithelial ridges, few calceiform cells, an absence of necrosis, and <20% of mitosis. Conversely,
the AOM + DSS group showed high lymphocyte infiltration, the presence of eosinophils and necrosis,
fewer calceiform cells, an absence of epithelial ridges, and 20% of mitosis.
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Figure 2. Histopathological features of colonic mucosa of AOM + DSS-treated mice. H&E staining:
(A) Normal group, (B) AOM + DSS group, (C) AVA + AOM + DSS group, (D) SO + AOM + DSS
group. n = 8–10 mice per group. ( ) Lymphocyte infiltration; ( ) eosinophils; ( ) goblet cells;
(E) epithelial ridges; (M) defined muscularis; (m) mitosis; (N) necrosis; (0,1,2) inflammation grade;
and (Ad) adenocarcinoma.

3.5. Antioxidant Effects of Sprouted Oat (SO) and Its Phenolic AVA Extract (AVA) in the AOM/DSS Model

A widely accepted mechanism in cancer chemoprevention by dietary phytochemicals is through
the induction of antioxidant and cytoprotective systems, such as reduced glutathione (GSH), and the
activity of the phase 2 enzymes GST and NQO1, among others, through the activation of Nrf2
(NF-E2-related factor 2) signaling pathways [41]. Regarding the serum concentration of GSH, the level
of GSH was significantly increased (twofold) in animals induced with AOM + DSS compared to that
of animals in the Normal group (Table 5). It is important to highlight that SO and AVA treatments
normalized serum GSH levels in the animals of both groups. In addition, hepatic and colonic GST
activities were significantly higher in the AOM + DSS control group compared to those in the Normal
group. Similarly, AVA and SO treatments achieved normalization of GST and NQO1 activities in the
colon, whereas the SO + AOM + DSS group had the highest hepatic GST and NQO1 activities.
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4. Discussion

Numerous epidemiological studies have demonstrated the relationship between high consumption
of whole grains (90 g or three servings per day) and the reduced risk of coronary artery disease,
cardiovascular disease, total cancer, and all-cause mortality [42]. Similarly, the suboptimal intake of
whole grains (38 g/d) was associated with CRC burden across 16 European countries [43]. Therefore,
an optimal intake of 50–100 g/d was considered in our study to establish the dose administered in
the AOM/DSS-induced CRC mouse model (75 g/d). In addition, the germination of cereal seeds,
such as oats, is a technique that has been used for centuries to soften the structure of the grain,
improve its nutritional value, and reduce the antinutritional effects, while enhancing the phenolic
profile with biological activity [17,44,45]. In this regard, five days of germination in darkness at
25 ◦C/60% RH proved to be effective in ensuring the germination of Turquesa oat seeds. Under these
conditions, changes in chemical composition were expected, since total protein and lipid contents were
slightly increased during a five-day germination period due to their remobilization to the developing
embryo [45,46]; however, carbohydrate degradation is very limited during germination, despite the
fact that starch-degrading enzymes are synthesized [47], which agrees with our results. Dietary
fiber, with roughly 60% as insoluble fiber and 40% as soluble fiber [48], also decreases significantly
during germination, since the release of gibberellin, a hormone capable of activating the enzyme
β-glucanase, promotes β-glucan degradation, among other polysaccharides [17,49], which would
explain the decrease in soluble fiber in our sample. Oats also contain other compounds such as phytic
acid (5.6–8.7 mg/g; 0.56–0.87%) [9], which has its content decreased by 15%–35% during even a short
three-day germination due to activation of phytase activity [50]. Although high doses of phytic acid
inhibit the absorption of metals and minerals in humans, it has been observed that, in small doses,
it can function as a protective factor in several chronic degenerative diseases [51]; therefore, current
research only seeks to reduce the content of this antinutritional compound in various cereals.

Since part of our objective was to understand the chemopreventive effect of oats following oral
administration of sprouted oat (SO) or its phenolic AVA extract (AVA), increased TPC after germination
was an important keynote for determining whether the rich-phenolic extract mediated the health
benefits of oats. In this regard, a more than four-fold increase in TPC was obtained after five days of
germination in darkness at 25 ◦C/60% RH. Similar results have been previously reported [17,45,52].
This result could also reflect the better extractability of phenolic compounds from kernel structures
after germination [17].

As we mentioned before, we aimed to identify the families of polyphenols contained in our
sprouted oat flour from the Turquesa variety in order to inquire about the reported effects of these
compounds, in addition to identifying compounds not previously reported in other oat varieties.
Studies about the phytochemical profiles of oat sprouts are limited in comparison with those for
whole seeds and hulks. The phenolic compounds reported in oats include phenolic acids, flavonoids,
and AVA [53], with the most abundant being N-(3′,4′-dihydroxy-(E)-cinnamoyl)-5-hydroxyanthranilic
acid (AVA-C or 2c), N-(4′-hydroxy-3′-methoxy-(E)-cinnamoyl)-5-hydroxyanthranilic acid (AVA-B
or 2f), and N-(4′-hydroxy-(E)-cinnamoyl)-5-hydroxyanthranilic acid (AVA-A or 2p). In this study,
we identified AVA-D as the most abundant AVA, followed by AVA-L, which had not been reported as
one of the three most abundant AVAs in other oat varieties. In addition, of the three most abundant AVAs
previously reported, only AVA-B had a higher abundance in the germination condition, confirming
previous reports that indicate that AVA concentration depends on variety, fraction, genotype, and the
growing environment conditions [54–56]. Generally, sprouts contain measurable amounts of flavonoids
such as catechin and epicatechin [57]. In this regard, we identified some isomers in SO; (Epi)-catechin
isomer II was the major flavanol. Other individual phenolic compounds present in SO were organic
acids (hydroxybenzoic and hydroxycinnamic); the ellagic acid was detected in major abundance in
SO, followed by benzoic, hydroxybenzoic isomer II, and gallic acids. For the hydroxycinnamic acids,
coumaric acid isomer II was the main moiety; ferulic acid and its hexoside, as well as the feruoylquinic
acid isomer I, were also present in an abundant proportion. Aborus and collaborators [16] also identified
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these phenolic compounds in sprouted oats of the Golozrni and Jadar varieties, with p–hydroxybenzoic
and sinapic acids being their principal acids; however, in the Turquesa oat variety, we additionally
identified hexoside compounds, isoflavones, and phytosterols. In the same report, myricetin and
kaempferol were the principal flavonoids, while in our study, hexoside forms of both compounds were
predominant in the Turquesa sprouted oat variety. Oksman-Caldentey and collaborators [50] reported
an increase in sterols of up to 20% during the germination process; however, in this study, we observed
a reduction of around 15% of these compounds. On the other hand, Pecio and collaborators [58]
reported the identification of avenacoside A in different oat seeds; similarly, we identified this saponin
in the Turquesa oat variety and in its SO flour.

We used the combination of AOM and DSS to induce colorectal cancer over a short-term period in
mice in order to evaluate the chemopreventive effect of whole oat sprouts (SO) or their phenolic AVA
extract (AVA). The AOM + DSS-treated groups predominantly developed tumors in the distal zone of
the colon, which is consistent with previous reports [39,40,59,60]. In this regard, tumor (macroscopic
quantitative evaluation) and adenocarcinoma incidences (histopathological classification) induced by
AOM + DSS were significantly correlated (r = 0.97, p < 0.05), confirming that these protuberant-type
lesions were capable of developing into adenocarcinomas [2,60]. The fact that SO- and AVA-treated
groups developed mostly pedunculate polyps is of major relevance, since sessile polyps are considered
to have greater malignancy because they have a broad implantation base, without stems, on the surface
of the mucosa, so that the degeneration of the cells reaches the base earlier, whereas pedunculate
polyps represent a lower malignancy because the damage to the cells takes time to reach the support
base [41]. Regarding flat-type lesions, animals treated with SO and its phenolic AVA extract behaved as
expected, since a plaque is an early lesion of colonic mucosa that is not considered malignant [2,30,59].
Similarly, the medium inflammation grade and the low plaque incidence in the Normal group is due
to the susceptibility of the strain to spontaneously developing these types of lesions [30].

Although the animals in the AOM + DSS-treated groups did not show any signs of colitis at the
end of the experimental period, we still observed inflammation grades + and ++ in the colons of
animals from AVA- and SO-treated groups, which were lesser grades in comparison with that of the
AOM + DSS control group (+++). According to the literature [11–13], in our study, we observed a mild
anti-inflammatory effect of the SO and AVA treatments. It has been reported that DSS administration in
the drinking water triggers a state of chronic intestinal inflammation by binding to medium-chain-length
fatty acids present in the mouse colon, inducing disruption of the colonic epithelial barrier [61]. In
addition, DSS causes bloody diarrhea, ulcerations, and heavy infiltration of inflammatory cells into
the mucosa [62], suggesting that inflammation is involved in the tumor-promotion activity of DSS.
Similar results have been observed in our study and by others in the AOM/DSS-induced CRC mouse
model [38–40,63,64].

Studies regarding the chemopreventive effect of oat sprouts and whole oats are limited
in comparison with those discussing the unique polyphenolic alkaloids—AVAs—exclusively
extracted from oats, among other compounds such as steroidal saponins, β-glucan,
and flavonoids [5,9–11,13,15,44,45,52,65–68], mainly through mechanisms related to their antioxidant,
anti-inflammatory, immunomodulatory, antiproliferative, proapoptotic, cancer cell growth,
and senescence control activities. These studies suggest that the notion of effective antitumor
activity arising from whole oats may be due to the synergistic effects of multiple compounds rather
than any one nutrient or compound alone. In this regard, Wang and collaborators [69], by using the
1,2-dimethyl hydrazine (DMH)/DSS mouse colon cancer model, evaluated the preventive effect of
whole-oat-containing diets. Their results indicated that low-, middle-, and high-dose whole oat diets
(75, 150, and 225 g/kg of experimental diets, respectively) significantly reduced the number of aberrant
crypt foci (ACF) and colon tumor incidence by 60%, 100%, and 100%, respectively, in comparison
with DMH/DSS-induced ICR mice (with 60% tumor incidence), and significantly suppressed colon
tumor growth in vivo. According to their dosage, the low-, middle-, and high-dose whole oat diets
corresponded to 60, 120, and 180 mg of whole oats per mouse per day. Furthermore, here, we report
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the anticarcinogenic activity of sprouted oat (SO, 30 mg/day) and its phenolic AVA extract (AVA,
0.084 mg GAE/day) in the AOM/DSS-induced mouse colorectal carcinogenesis model by reducing the
adenocarcinoma incidence by 52.5% and 21.3%, respectively. Overall, the results obtained in our study
suggest that, despite the fact that inflammation was still presented in colonic samples of treated groups,
compounds present in SO and its phenolic AVA extract could be blocking, inhibiting, or delaying
the carcinogenesis process, particularly during the stage from promotion to transformation, which
is where early lesions (plaques) evolve into neoplastic lesions that can become malignant [39,40,63].
Therefore, SO and AVA treatments were effective in reducing tumor and adenocarcinoma burdens,
the compositions of resident inflammatory cells, and other inflammatory scores in the colons of AOM
+ DSS-treated mice, suggesting that oat products still retain their biological properties even after
germination processing.

The absorption, bioavailability, and metabolism of several phytochemicals is a crucial factor in
determining their biological activity against colon cancer. Fernaández-Ochoa and collaborators [23]
examined at the in situ level the absorption, bioavailability, and metabolism of the phenolic compounds
present in a rosemary leaf extract with proven antiproliferative and cytotoxic properties on colon
cancer cells, and identified the main flavonoids, diterpenes, and triterpenes of the rosemary extract in
gastrointestinal liquid and plasma samples together with metabolites from reactions of carnosic acid,
carnosol, and rosmanol. In this body of evidence, it is hypothesized that the metabolites of flavonoids
are primarily responsible for the observed anti-cancer effects owing to the unstable nature of the parent
compounds at neutral or alkaline pH (pH > 8, as in the intestine) and their degradation by colonic
microflora. Sankaranarayanan and collaborators [70] demonstrated the ability of the A-ring flavonoid
metabolite, 2,4,6-trihydroxybenzoic acid (2,4,6-THBA), to inhibit Cyclin-Dependent Kinase (CDK)
activity and cancer cell proliferation in colon cancer cell lines. Similarly, Wang and collaborators [20]
investigated the biotransformation of AVA-C (2c) by mice and the human microbiota and found that
AVA-2c and its major metabolite dihydroavenanthramide-C (M6) are bioactive compounds against
human HCT-116 colon cancer cells through mechanisms related to apoptosis. On the other hand,
the main mechanism involved in colon cancer prevention by oat β-glucan is the modulation of colon
microbiota, which reduces the conversion of primary bile acids to secondary bile acids that are known
to be tumorigenic. In addition, oat β-glucan administration increased the population of Lactobacillus
and Bifidobacterium, but decreased the number of Enterobacteriaceae and induced a significant decrease
in β-GA in rats. Moreover, oat β-glucan promotes the synthesis of short-chain fatty acids (SCFA),
which are well-known anticarcinogenic compounds by colonic anaerobic bacteria and facilitate tumor
cell apoptosis [9,10].

Colonic pH and β-GA activity are other physiological parameters involved in colorectal
carcinogenesis. The increase in the pH of the colon and the activity of the β-GA enzyme is related
to the specific colon carcinogen DMH and its metabolite AOM, as well as in the presence of the DSS
promoter [39,60,63,71]. Therefore, inhibition of β-GA in cecal, colonic, and fecal samples of both SO-
and AVA-treated groups is of major relevance, since β-glucuronidase is an enzyme also present in the
human colonic microbiota which has the ability to hydrolyze many glucuronide conjugates and, as a
consequence, can release active carcinogenic metabolites into the intestinal lumen [60]. In this regard,
our results showed a positive correlation between β-GA cecal activity and the mean number of tumors
and adenocarcinomas (r = 0.98 and r = 095, respectively, p < 0.05), which further supports the evidence
that the activity of β-GA is involved in the development of colon cancer [72]; thus, modulation of β-GA
through dietary treatment is confirmed as an efficient strategy for the prevention of this pathology.

It has been reported that increases in oxidative stress and/or decreases in antioxidant capacity are
involved in the development of noncommunicable diseases such as cancer [42,73,74]. As a cellular
defense mechanism, the Keap1 (Kelch-like ECH-associated protein 1)-Nrf2 (NF-E2-related factor 2)
system was identified to respond to redox-disrupting stimuli, which directly modify Keap1, leading
to inactivation of the Keap1 function, stabilization, and nuclear translocation of Nrf2, as well as
induction of cytoprotective genes, such as those for GSH synthesis, oxidative stress elimination,

88



Foods 2020, 9, 169

detoxification, drug excretion, and anti-inflammatory response, among other functions [74]. In this
regard, mounting evidence suggests that the increase of the antioxidant defense system, both by
enzymatic and non-enzymatic means, has been reported in cancer tissues from patients and tissue
samples from in vivo models of CCR, thus indicating an augmented defense against oxidative and
inflammatory damage in cancer [73,75–77]. In our study, similar results were observed for serum
GSH levels and GST and NQO1 enzymatic activities in the colons and livers of AOM + DSS-treated
mice. In fact, AOM is a procarcinogen that undergoes oxidative metabolism in the liver, generating the
production of active carcinogenic electrophiles (diazonium ion) that are released into the circulation
and that eventually lead to peroxidation of plasma lipids and red blood cells (erythrocytes) [78]. In
this regard, GSH is the main cellular defense against oxidative stress, and its antioxidant function is
based on its ability to eliminate free radicals, reduce peroxides, and participate as a co-substrate in the
activity of GSH-dependent enzymes, such as GST and glutathione peroxidase, among others [79]. As
reported by Matić and collaborators [80], a lower serum concentration of GSH in AVA- and SO-treated
animals, as compared to those of the AOM + DSS-treated group, may be due to the increased turnover
of GSH in order to prevent oxidative damage, suggesting that GSH might have been used as an
antioxidant to eliminate free radical and metabolite products of AOM/DSS that are conjugated with
GSH before excretion to counteract lipid peroxidation and normalize oxidative stress in the bloodstream.
Furthermore, in this study, a positive correlation was found between the content of GSH in erythrocytes
and the means of polyps and adenocarcinomas (r = 0.99 and r = 0.97, p < 0.05, respectively), which
indicates that endogenous antioxidant defense mechanisms are closely related to the incidence of early
lesions and the development of adenocarcinomas in colon cancer.

Similarly, AVA and SO treatments achieved normalization of GST and NQO1 activities in the
colon, suggesting that both treatments could neutralize the effects of oxidative stress at the colon level,
initially generated by the oxidative metabolism of AOM and inflammation induced with DSS and,
subsequently, by persistent inflammation in this disease model [75,76,81,82], resulting in a reduced
carcinogenic impact. In the liver, AVA treatment normalized GST and NQO1 activities, while SO
induced both activities. These results suggest that SO is more efficient in activating the Keap1-Nrf2
signaling pathway compared to treatment with AVA, which confirms that oat phenolic compounds
together with β-glucans may be acting synergistically, thus offering greater protection for cancer
prevention and treatment [65,83]. Tissue differences in GST activity might be attributed to cis elements
in the promoter regions of these genes, known as the antioxidant/electrophile response elements,
and the presence of the various transcription factors (members of the mammalian cap’n’collar (CNC)
transcription factor family that possess a well-conserved basic region-leucine zipper (bZIP) motif) that
heterodimerize with Nrf2, thus resulting in higher basal and inducible activities of GST in the liver as
those compared to other tissues [74,84].

As mentioned above, the metabolism of flavonoids by gut microbiota is a crucial factor in
determining their biological activity against colon cancer. Quercetin glycosides can be metabolized
by intestinal bacteria into ring-fission products; the 3,4-dihydroxyphenylacetic acid (DOPAC) has
recently been identified as the most active phenolic acid derived from quercetin glycosides, in terms
of free-radical scavenging and induction of drug metabolizing enzymes. DOPAC simultaneously
stimulates nuclear translocation of Nrf2 and aryl hydrocarbon receptor (AhR), both of which are
responsible for the expression of phase I and II drug-metabolizing enzymes, such as GST and
NQO1 [85]. Similarly, the oat-bran-derived phenolics ferulic and caffeic acids activate the Nrf2
signaling pathway [86,87].

Overall, the sprouting of seeds promotes degradation of macronutrients and antinutritional compounds
and the biosynthesis of secondary metabolites with potential health benefits. These changes impact the
nutritional value and health-promoting potential of edible seeds, such as those observed for germinated
seeds and their derivatives of brown rice (Oryza sativa), rough rice, barley (Hordeum vulgare) foodstuff,
and soybeans (Glycine max L.), from which in vivo and in vitro activities have been evaluated in order to
determine their roles in CRC chemoprevention [88–93]. Here, we also provide evidence related to the
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chemopreventive effect of oat sprouts in AOM/DSS-induced mouse CRC, highlighting germination as a
promising affordable food strategy for improving the potential health benefits of grains.

5. Conclusions

This work delivers information regarding the identification of the chemical families in Turquesa
oat seeds previously reported in other oat varieties, their enhanced abundance differences compared to
those of sprouted oats, and their association with the chemoprotective effect observed in this study.
In addition, we identified chemical families not previously reported in other oat varieties that might
contribute to the anticancer effect of germinated oats. More importantly, we here provide experimental
evidence for a novel biological application of Avena sativa—Turquesa variety—sprouts in preventing
colon cancer, and we identify the contribution of the sprout’s phenolic AVA extract to achieving this
effect, which is a result of its antioxidant activity, reduction of inflammatory status, and improvement of
colonic physiological parameters. The major relevance of our study was the superior chemopreventive
effect of the sprouted oat, probably due to the synergistic effects of multiple compounds. This further
supports the potential use of oat sprouts as a functional food for colon cancer prevention.

Future investigations will now focus on the identification and quantitation of the bioactive compounds
at different germination conditions to enhance the phytochemical profiles and the biological activities of
oat sprouts. In addition, the examination of the absorption, bioavailability, and metabolism at several
levels of the chemical families present in the sprouted oat will be of major relevance in order to clarify the
absorption and metabolism of sprouted oat bioactive compounds, which in turn would contribute to a fuller
understanding of the mechanisms of action of these compounds against colorectal cancer.
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Author Contributions: Conceptualization, M.R.-G. and R.R.-C.; Formal analysis, M.D.-L. and G.R.-P.; Funding
acquisition, M.R.-G. and R.R.-C.; Investigation, M.D.-L., I.F.P.-R., and E.A.d.l.R.; Methodology, M.D.-L., G.R.-P.,
I.F.P.-R., N.E.R.-G., and E.A.d.l.R.; Project administration, M.D.-L. and M.R.-G.; Resources, M.R.-G., N.E.R.-G.,
and R.R.-C.; Supervision, R.R.-C. and M.R.-G.; Validation, I.F.P.-R. and N.E.R.-G.; Visualization, M.D.-L.;
Writing—original draft, M.D.-L.; Writing—review & editing, M.R.-G. All authors read, provided comments, and
approved the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: The research was founded by Fondo de Proyectos Especiales de Rectoría (FOPER-UAQ-2018). Project
code: FOPER-2019-01031.

Acknowledgments: The authors are grateful to The National Council of Science and Technology, Mexico
(CONACYT) for contributing a scholarship grant for M.D.-L.; Instituto Nacional de Investigaciones Forestales,
Agrícolas y Pecuarias (INIFAP) Campo Experimental Bajío, Celaya, GT, MEX and Acosta, J for donating oat (Avena
sativa L.) seeds, “Turquesa” variety. We appreciate the technical assistance of the Microscopy Unit of the Institute
of Neurobiology UNAM–Juriquilla (QT, MEX); Hérnandez, E.N.; Gallejos, M.A and the animal care by MVZ.
Garcia, J.M.

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

Abbreviations

ACF Aberrant crypt foci
AOM Azoxymethane
AVA Avenanthramides
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DMH 1,2–Dimethylhydrazine
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GSH Glutathione reduced
GST Glutathione S–transferase
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Abstract: Enzymatic browning of sprouts during storage is a serious problem negatively influencing
their consumer quality. Identifying and understanding the mechanism of inhibition of polyphenol
oxidases (PPOs) in lentil sprouts may offer inexpensive alternatives to prevent browning. This study
focused on the biochemical characteristics of PPOs from stored lentil sprouts, providing data that
may be directly implemented in improving the consumer quality of sprouts. The purification resulted
in approximately 25-fold enrichment of two PPO isoenzymes (PPO I and PPO II). The optimum pH
for total PPOs, as well as for PPO I and PPO II isoenzymes, was 4.5–5.5, 4.5–5.0, and 5.5, respectively.
The optimal temperature for PPOs was 35 ◦C. Total PPOs and the PPO I and PPO II isoenzymes had
the greatest affinity for catechol (Km = 1.32, 1.76, and 0.94 mM, respectively). Ascorbic acid was the
most effective in the inhibition of dark color formation by total PPOs, and showed ca. 62%, 43%,
and 24% inhibition at 20-, 2-, and 0.2-mM concentrations. Ascorbic acid, l-cysteine, and sodium
metabisulfite (20 mM) significantly inhibited color development in the reactions catalyzed by both
isoenzymes of PPO. Ba2+, Fe3+, and Mn2+ (10 mM) completely inhibited PPO activity. This study of
the effect of antibrowning compounds and cations on PPO activity provides data that can be used to
protect lentil sprouts against enzymatic browning during storage and processing.

Keywords: biochemical characteristic; enzymatic browning; inhibitory profile; lentil; sprouts;
polyphenol oxidase; purification

1. Introduction

Polyphenol oxidases (PPOs) (EC 1.14.18.1, EC 1.10.3.1, or EC 1.10.3.2) are widely distributed in
the plant kingdom, and their level and activity are dependent on the age, species, variety, maturity,
and stress status of plants [1,2]. In addition, they are located in certain organelles, such as chloroplast
thylakoids, peroxisomes, and mitochondria [1]. According to substrate specificity, three main types
of phenol oxidases are known: (I) Monophenol monooxygenase (also called tyrosinase, monophenol
oxidase, or cresolase) catalyzes the hydroxylation of monophenol to ortho-diphenol and the oxidation
of diphenol to ortho-quinone; (II) diphenol oxidase (also called catechol oxidase, polyphenol oxidase,
or o-diphenolase) catalyzes the oxidation of ortho-phenol, but cannot catalyze the oxidation or
monooxygenation of metaphenol and para-phenol; and (III) laccase catalyzes the oxidation of
ortho-phenol and para-phenol, but cannot catalyze the oxidation of monophenol and metaphenol [3].
This classification, although commonly used, also has some inaccuracies, e.g., in the case of mung
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bean [4] or tobacco [5] laccases, which share many substrates with PPOs. Enzymatic browning
of plant-derived foods (including sprouts) contributes to a decrease in the sensory properties and
marketability of fruits and vegetables [6–9]. The formation of brown or black pigments is due to
increased activity of PPOs, resulting in the polymerization of quinones [2,7]. Additionally, increased
activity of PPOs can decrease the level of phenolic compounds, i.e., plant secondary metabolites
with well-documented nutraceutical properties [10,11]. Due to these facts, the characterization of
PPO activities or the removal of reactants such as oxygen and phenolic compounds, especially
those concerning potential inhibitors, are of increasing interest in the food industry. As one of the
antibrowning agents, ascorbic acid inactivates PPOs irreversibly in the absence of PPO substrates,
probably through binding to its active site, preferentially in its oxy form. Additionally, it can reduce
reaction products, limiting the formation of a dark color. Cysteine activity is usually attributed to
various mechanisms, e.g., its nucleophilic reactivity toward quinones to give a colorless adduct or its
ability to reduce o-quinones to their polyphenol precursors. Citric acid and ethylenediaminetetraacetic
acid sodium salt (EDTA) chelate copper at an enzyme-active site [12,13].

Polyphenol oxidase has been widely studied in fruits, vegetables, and mushrooms, e.g., eggplant
(Solanum melongena) [14], persimmon [15], broccoli (Brassica oleracea var. botrytis italica) [16], celery [17],
and butter lettuce (Lactuca sativa var. capitata L.) [18]: However, there are very few data that have
presented the characterization of PPOs from edible sprouts.

In this paper, we report the isolation, partial purification, and biochemical properties of two
isoenzymes and total PPO activity in lentil sprouts (Lens culinaris Medik.). Special attention is placed
on the factors affecting PPO activity, which may be useful for protecting sprouts against PPO-related
undesirable changes in their quality.

2. Materials and Methods

2.1. Chemicals

Catechol, Diethylaminoethyl–Sepharose (DEAE–S), tris(hydroxymethyl)aminomethane (TRIS),
ethylenediaminetetraacetic acid sodium salt (EDTA), 4-methylcatechol, gallic acid, caffeic acid,
l-cysteine, ascorbic acid, and dl-dithiothreitol were obtained from Sigma-Aldrich (Poznań, Poland).
All other chemicals were of analytical grade.

2.2. Materials and Sprouting Conditions

Seeds from the lentil cultivar Tina were purchased from PNOS S.A. Ozarów Mazowiecki (Poland).
The seeds were sterilized in 10% (v/v) sodium hypochloride for 10 min, drained, and washed with
distilled water until they reached a neutral pH. They were placed in distilled water and soaked for 6 h
at 25 ◦C. The seeds were dark-germinated for 4 days in a growth chamber on Petri dishes (diameter,
125 mm) lined with absorbent paper. Seedlings were watered daily with 5 mL of Milli-Q water [19].

2.3. Enzyme Assay

Polyphenol oxidase (PPO) activity was determined by measuring the initial rate of quinone
formation, as indicated by an increase in the absorbance units (AUs) at 420 nm. An increase in
absorbance of 0.001 min−1 was taken as one unit of enzyme activity [20]. The increase in absorbance
was linear with time for the first 120 s. The sample contained 1 mL of a 0.05-M substrate solution
prepared in TRIS-HCl buffer (50 mM, pH 6.5) and 0.05 mL of an enzyme solution. All measurements
were performed in triplicate.

2.4. Protein Determination

Protein content was determined according to the dye-binding method proposed by Bradford [21]
using bovine serum albumin as a standard.
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2.5. Enzyme Extraction and Partial Purification

One-hundred grams of sprouts were homogenized in 250 mL of 50 mM TRIS-HCl buffer (pH 6.5)
containing 10 mM of ascorbic acid and 0.5% polyvinylpyrrolidone and were extracted with the aid of a
magnetic stirrer for 1 h at 4 ◦C. The crude extract samples were centrifuged at 9000× g for 20 min at 4 ◦C.
Solid (NH4)2SO4 was added to the supernatant to obtain 80% saturation. After that, the precipitated
proteins were separated by centrifugation at 9000× g for 30 min at 4 ◦C. The precipitate was dissolved
in 60 mL of 5-mM TRIS-HCl (pH 7.0) and was dialyzed for 48 h using the same buffer in a cellulose bag
with a membrane MWCO bigger than 12,000 Da at 4 ◦C. Afterwards, the dialysate was transferred to a
DEAE–Sepharose column (20 × 250 mm) equilibrated with 5 mM of TRIS-HCl buffer, pH 6.5. Proteins
were eluted, employing a linear gradient of 0 to 1.0 M of NaCl in 5 mM of TRIS-HCl buffer (pH 6.5) at
a 30-mL·h−1 flow rate. Three-milliliter fractions were collected, for which protein content (280 nm)
and PPO activity toward catechol as a substrate were monitored. Fractions that showed PPO activity
were collected.

2.6. Characterization of PPO

2.6.1. Kinetic Data Analysis and Substrate Specificity

The specificity of PPOs from the lentil sprout extract was investigated for five commercial grade
substrates (catechol, 4-methylcatechol, gallic acid, caffeic acid, and (+)-catechin) at concentrations of 1,
5, 10, 20, and 30 mM. The Michaelis constant (Km), maximum reaction velocities (Vmax), and specificity
(Vmax/Km) of the PPOs were determined with the Lineweaver–Burk method.

2.6.2. Effect of Temperature on Enzyme Activity

PPO activity was determined as a function of temperature in standard conditions at a temperature
range of 20–80 ◦C. The optimum temperature for the PPO was determined using 50 mM of catechol
as a substrate. The substrate solution was heated to the tested temperature, and then the enzyme
solution was added. PPO activity was calculated in the form of percent residual PPO activity at the
optimum temperature.

2.6.3. Effect of pH on Enzyme Activity

PPO activity was determined as a function of pH in standard conditions using various buffers
in the pH buffering range of 3.5–8.0 (3.5–5.5 acetate buffer, 100 mM; 5.5–8.0 potassium phosphate
buffer, 100 mM). The optimum pH for the PPO was determined using 0.05 M of catechol as a substrate.
The pH value corresponding to the highest enzyme activity was taken as the optimal pH. PPO activity
was calculated in the form of residual PPO activity at the optimum pH.

2.6.4. Effect of Antibrowning Agents on PPOs

The effects of ascorbic acid, citric acid, EDTA, l-cysteine, sodium azide, dithiothreitol, and sodium
metabisulfite on PPO activity were examined. Three different concentrations of these inhibitors (0.2, 2,
and 20 mM) were tested using 50 mM of the catechol substrate and were compared to a control enzyme
reaction performed in optimal conditions with no inhibitor added. Percentage inhibition was calculated
using the following equation:

Inhibition (%) = (A0 − Ai/A0) × 100%, (1)

where A0 is initial PPO activity (without the inhibitor), and Ai is PPO activity with the inhibitor.

2.6.5. Effect of Ions on Enzyme Activity

The effect of ions, including Na+, K+, Mg2+, Zn2+, Ba2+, Fe3+, and Mn2+ (chloride salts), on PPO
activity was determined. Two different concentrations of these cations (2 and 10 mM) were tested
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using 50 mM of the catechol substrate. The effect of the studied ions on PPO activity was calculated in
the form of percent residual PPO activity in comparison to the nontreated enzyme preparation.

2.7. Statistical Analysis

All data are presented as means including standard deviations (SDs) of three assays (means ± SD,
n = 3).

3. Results and Discussion

3.1. PPO Isolation and Partial Purification

PPO was partially purified using a combination of ammonium sulfate precipitation and ion
exchange chromatography (Figure 1). Two isoenzymes of PPO were found: PPO I and PPO II.
The results of the purification of PPO are given in Table 1. After ammonium sulfate precipitation,
the yield and purification fold were 90.6% and 4.67, respectively. The purification folds after ion
exchange chromatography were 26.1 and 25.11 for the first and second isoenzymes, respectively.
Further biochemical studies were performed on the first and second isoenzymes (important data in the
enzymology field) and the total (crude extract) PPOs (data for food technology).

Figure 1. Anion exchange chromatographic elution profiles obtained after applying dissolved and
desalted saline precipitate extract of lentil sprouts.

Table 1. Purification chart of polyphenol oxidases (PPOs) from lentil sprouts.

Total Volume
(mL)

Activity
(U/mL)

Protein
(mg/mL)

Total
Activity (U)

Specific Activity
(U/mg)

Yield
(%)

Purification
Fold

Crude extract 250 550 732.00 137500 0.75 100.0 1.00
Salting out and dialysis 55 2265 644.97 124575 3.51 90.60 4.67

Ion exchange
chromatography

PPO I 13 1815 92.56 23595 19.61 17.16 26.10
PPO II 19 4475 237.12 85016 18.87 61.83 25.11

Catechol was used as a substrate for measuring PPO activity. An increase in absorbance of
0.001 min−1 was taken as one unit of enzyme activity.

3.2. Substrate Specificity and Some Kinetic Parameters of Lentil Sprout PPOs

PPO kinetics were studied with four substrates, those commonly used for PPO assays (catechol,
4-methylcatechol) as well as those that are important from the nutraceutical point of view (gallic and
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caffeic acids). The Km and Vmax values calculated from the Lineweaver–Burk graphs are shown in
Table 2. The values of Vmax and catalytic efficiency (Vmax/Km) indicated that 4-methylcatechol was the
most suitable phenolic substrate for lentil sprout PPOs (Table 2). The Vmax values of total PPOs as well
as PPO I and PPO II isoenzymes against gallic acid were also very high, but the Km of total PPOs was
nearly twice and three times higher than the first and second isoenzymes. Most importantly, only PPO
I used caffeic acid as a substrate (Km = 3.8 mM, Vmax = 769 U·mL−1·min−1). Total PPOs as well as PPO I
and PPO II had the greatest affinity for catechol (Km = 1.32, 1.76, and 0.94 mM, respectively). These
values were lower than those previously determined for persimmon (Km = 25 mM; sodium acetate
buffer, pH 5.5) [15], green beans (Km = 10.6 and 37 mM for PPOI and PPOII, respectively; phosphate
buffer, pH 7.0) [22], and mango fruit (Km = 10.6 mM, sodium acetate buffer, pH 5.6) [23]. All the studied
PPOs of lentil sprouts exhibited the highest affinity for catechol: Hence, it was used as a substrate in
further biochemical assays.

Table 2. Kinetic parameters of PPOs from lentil sprouts assessed with the use of several phenol substrates.

Vmax
(U·mL−1·min−1)

Km (mM)
Vmax/Km

(U·mL−1·min−1·mM−1)

4-methylcatechol
PPO I 4878 ± 244 3.00 ± 0.14 1626
PPO II 3846 ± 192 3.40 ± 0.15 1131
Total 5410 ± 270 1.50 ± 0.07 3607

Catechol
PPO I 952 ± 48 1.76 ± 0.08 541
PPO II 1111 ± 56 0.94 ± 0.04 1176
Total 1737 ± 87 1.32 ± 0.06 1320

Gallic acid
PPO I 2817 ± 141 2.25 ± 0.10 1250
PPO II 3742 ± 152 5.00 ± 0.23 769
Total 8250 ± 413 7.25 ± 0.33 1138

Caffeic acid
PPO I 769±38 3.81 ± 0.17 202
PPO II 0 0 0
Total 0 0 0

All values represent the means of triplicate measurements.

3.3. Effect of Temperature and pH on PPO Activity

Figure 2A shows the influence of temperature on PPO activities in the assay conditions (pH 5.5
and 50 mM catechol as a substrate). PPO I, PPO II, and total PPOs reached maximum activity at 35 ◦C.
The optimal temperatures for PPO activity are substrate-dependent and may differ for PPOs obtained
from various sources [24]. It has been reported that when catechol is used as a substrate, the optimum
temperature is 40 ◦C for PPOs from Chinese cabbage [25], soybean sprouts [26], and parsley [24];
and 25–30 ◦C for bananas [27]. Higher optimal temperatures were reported by Serradell et al. [28] and
Navarro et al. [15] for PPOs isolated from strawberries (50 ◦C) and persimmons (55 ◦C).
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Figure 2. Effects of temperature (A) and pH (B) on the activity of lentil sprout PPOs.

The assay of PPO activity in a pH range from 4.0 to 8.0, using catechol as a substrate, showed
optimal conditions for total PPO activity in the pH range of 4.5–5.5. When the two PPO isoforms were
studied separately, a pH of 4.5–5.0 and 5.5 were found to be optimal for PPO I and PPO II, respectively
(Figure 2B). The pH optimum for PPO activity has been found to be dependent on the enzyme source
and purity, substrate, and buffer system used [1]. In the available literature, different pH optima for
PPO activity have been reported. Two pH optima, suggesting the presence of two PPO isoenzymes,
have been previously reported by other researchers, i.e., 4.5–5.0 and 7.5–7.6, for two PPO isoenzymes
from avocados [29]; 4.0 and 7.0 for green bean PPOs [22]; and 5.0 and 7.5 for Jonagored apple PPOs [30].
A pH value of 5.5, i.e., the optimum pH for PPO activity determined in this study, agrees well with
values that have been reported for lettuce [18] and mango fruit [23]. Contrarily, in a study performed
by Nagai and Suzuki [26], PPOs from soybean sprouts exhibited optimal activity at pH 8–9.
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3.4. Effect of Various Inhibitors and Metal Ions on PPO Activity

The effects of antibrowning agents on the activity of PPOs from lentil sprouts were studied
using catechol as a substrate. The results, i.e., the percentage of inhibition relative to the control,
are reported in Table 3. Ascorbic acid was the most effective inhibitor of total PPOs and showed ca. 62%,
43%, and 24% of inhibition of dark pigment formation at 20-mM, 2-mM, and 0.2-mM concentrations,
respectively. The production of dark quinones by both isoenzymes was most effectively inhibited by
20 mM of ascorbic acid, l-cysteine, and sodium metabisulfite. These compounds also showed high
efficiency at the lowest concentrations studied. Similar profiles have been previously found for PPOs
from bananas [31], parsley [24], green beans [22], mango fruit [23], and soybean sprouts [26]. PPO
II was also very sensitive to citric acid: Approximately 60% inhibition was recorded in the presence
of 20 mM of the inhibitor. Furthermore, the purified PPOs were much more sensitive to the studied
inhibitors than the crude extract, probably because some components were able to mask the inhibitory
effect of these compounds. The degree of dark pigment formation depends on the origin of the PPO
and substrate used, and thus it is difficult to compare the present results to other studies. Yagar and
Sagiroglu [32] recorded 98% and 100% of inhibition of quince PPOs in the presence of 2 and 20 mM
of ascorbic acid, respectively. For 2 and 20 mM of sodium metabisulfite, the degree of inhibition
was 52% and 98%, respectively. As in other reports of the effect of antibrowning agents [11,20,33,34],
the activity of lentil sprout PPOs was also inhibited by a thiol-containing compound (dithiothreitol)
and a copper-binding ligand (sodium azide, EDTA), but these compounds are very toxic and are
banned as food additives. Thus, of the studied antibrowning agents, only ascorbic acid, citric acid,
and l-cysteine are suitable to be used in food technology.

Table 3. Effects of various antibrowning agents on the activity of lentil sprout PPOs.

Concentration of Compounds
(mM)

% of Inhibition

PPO I PPO II Total

Ascorbic acid
20 79.66 ± 3.03 79.42 ± 1.80 62.57 ± 2.38
2 50.85 ± 1.93 59.42 ± 2.58 43.86 ± 1.67

0.2 46.61 ± 1.77 62.32 ± 0.71 24.56 ± 0.93

l-cysteine
20 71.67 ± 2.72 72.09 ± 3.14 26.97 ± 1.02
2 68.33 ± 2.60 55.81 ± 2.43 21.35 ± 0.81

0.2 56.67 ± 2.15 34.88 ± 1.52 10.11 ± 0.38

Na2S2O5

20 76.03 ± 2.89 71.58 ± 3.11 25.88 ± 0.98
2 56.20 ± 2.14 64.21 ± 2.79 14.12 ± 0.54

0.2 18.18 ± 0.69 24.21 ± 1.05 1.18 ± 0.04

EDTA
20 26.67 ± 1.01 39.77 ± 1.73 14.63 ± 0.56
2 24.17 ± 0.92 36.36 ± 1.58 3.66 ± 0.14

0.2 20.83 ± 0.79 34.09 ± 1.48 2.44 ± 0.09

Citric acid
20 30.13 ± 1.14 60.82 ± 2.65 43.18 ± 1.64
2 22.44 ± 0.85 54.39 ± 2.37 37.88 ± 1.44

0.2 7.69 ± 0.29 57.89 ± 2.52 8.33 ± 0.32

Sodium azide
20 22.50 ± 0.85 22.89 ± 1.00 9.09 ± 0.35
2 17.50 ± 0.67 15.66 ± 0.68 8.08 ± 0.31

0.2 5.83 ± 0.22 8.43 ± 0.37 2.02 ± 0.08

Dithiothreitol
20 17.50 ± 0.67 37.89 ± 1.65 30.26 ± 1.15
2 22.50 ± 0.86 31.58 ± 1.37 13.16 ± 0.50

0.2 22.50 ± 0.86 15.58 ± 1.72 1.32 ± 0.05

All values represent the means of triplicate measurements.

The effect of metal ions on the activity of PPOs is presented in Table 4. Zn2+, Ba2+, Fe3+, and Mn2+

at a 10-mM concentration completely inhibited the activity of PPOs. In contrast, in studies conducted
by Liu et al. [35], both Zn2+ and Mg2+ (10 mM) increased the activity of PPOs from flower buds
of Lonicera japonica by about 10%–15%. In addition, Aydemir has reported [36] that the activity of
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PPOs from artichokes was only slightly inhibited by Zn2+ and Mg2+ at 1- and 10-mM concentrations
(Fe3+ did not affect activity). Total PPOs, PPO I, and PPO II were inhibited by 2 mM of MgCl2: 50%,
52%, and 67% of residual activity was detected, respectively. According to literature data, the effect
of Mg2+ on the activity of PPOs differs significantly and is strongly determined by the origin of
the PPOs. The activity of PPOs from flower buds of Lonicera japonica has been activated by ions at
1–100 mM concentrations [35], whereas reduced activity has been noted at lower concentrations of
ions (0.1–0.01 mM). An opposite relationship has been observed for PPOs from green beans [22] and
artichokes [36]. There was no effect of 10 mM of K+ on the activity of PPOs (except PPO I): However,
at the 2-mM concentration, these ions activated PPO I, PPO II, and total PPOs. A similar pattern of
relationships was recorded for total PPOs, PPO I, and Na+ ions. It has been previously reported that
Na+ ions either did not affect or only slightly modified the activity of PPOs, e.g., from green beans [22],
flower buds of Lonicera japonica [35], or artichokes [36]. On the other hand, the activities of PPOs from
Ataulfo mango and Anamur banana have been inhibited by Na+ ions [18,21].

Table 4. Effects of metal ions on the activity of PPOs from lentil sprouts.

Ion Concentration (mM)
Residual Activity (%)

10 2

Na+
PPO I 75.82 ± 3.26 82.42 ± 3.54
PPO II 90.38 ± 3.89 142.31 ± 6.12
Total 89.81 ± 3.86 106.48 ± 4.58

K+
PPO I 76.99 ± 3.31 118.58 ± 5.10
PPO II 101.35 ± 4.36 159.46 ± 6.86
Total 99.23 ± 4.27 109.46 ± 4.71

Mg2+
PPO I 46.90 ± 2.02 50.44 ± 2.17
PPO II 51.35 ± 2.21 52.70 ± 2.27
Total 61.54 ± 2.65 67.69 ± 2.91

Zn2+
PPO I Nd 42.24 ± 1.82
PPO II Nd 38.42 ± 1.65
Total Nd 48.78 ± 2.10

Ba2+
PPO I Nd 54.23 ± 2.33
PPO II Nd 54.43 ± 2.34
Total Nd 86.05 ± 3.70

Fe3+
PPO I Nd 53.49 ± 2.30
PPO II Nd 56.96 ± 2.45
Total Nd 58.28 ± 2.51

Mn2+
PPO I Nd 48.98 ± 2.11
PPO II Nd 32.92 ± 1.42
Total Nd 27.30 ± 1.17

All values represent the means of triplicate measurements. Nd: not detected.

4. Conclusions

Lentil sprouts are widely consumed all over the world. Enzymatic browning of sprouts
during storage is a serious problem negatively influencing their consumer quality. Identifying and
understanding the mechanism of inhibition of polyphenol oxidases (PPOs) in lentil sprouts may
offer inexpensive alternatives in preventing browning. Our findings indicated that supplementation
of sprouts with metal ions (Zn2+, Mn2+, Fe3+) and/or inhibitors (ascorbic acid, citric acid) may be
used for decreasing the activity of PPOs. This strategy seems to be justified, but more research is
needed to define effects on the growth and metabolism of sprouts, as well as their nutritional and
pro-health qualities.
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Acknowledgments: The authors would like to thank the Scientific Students Group of Food Biochemistry and
Nutrition, Department of Biochemistry and Food Chemistry, University of Life Sciences in Lublin, Poland, for
their technical support.

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

References

1. Yoruk, R.; Marshall, M.R. Physicochemical properties and function of plant polyphenol oxidase: A review.
J. Food Biochem. 2003, 27, 361–422. [CrossRef]

2. Mayer, A.M. Polyphenol oxidases in plants and fungi: Going places? A review. Phytochemistry 2006, 67,
2318–2331. [CrossRef]

3. Vaughn, K.C.; Duke, S.O. Function of polyphenol oxidase in higher plants. Physiol. Plant. 1984, 60, 106–112.
[CrossRef]

4. Chabanet, A.; Goldberg, R.; Catesson, A.M.; Quinet-Szely, M.; Delaunay, A.M.; Faye, L. Characterization and
Localization of a Phenoloxidase in Mung Bean Hypocotyl Cell Walls. Plant Physiol. 1994, 106, 1095–1102.
[CrossRef]

5. McDougall, G.J.; Stewart, D.; Morrison, I.M. Cell-wall-bound oxidases from tobacco (Nicotiana tabacum)
xylem participate in lignin formation. Planta 1994, 194, 9–14. [CrossRef]

6. Zhang, Q.; Liu, Y.; He, C.; Zhu, S. Postharvest Exogenous Application of Abscisic Acid Reduces Internal
Browning in Pineapple. J. Agric. Food Chem. 2015, 63, 5313–5320. [CrossRef]

7. Sun, Y.; Zhang, W.; Zeng, T.; Nie, Q.; Zhang, F.; Zhu, L. Hydrogen sulfide inhibits enzymatic browning of
fresh-cut lotus root slices by regulating phenolic metabolism. Food Chem. 2015, 177, 376–381. [CrossRef]

8. Yi, J.H.; Dong, X.L.; Zhu, Z.B. Effect of polyphenol oxidase (PPO) enzymatic inducing factors on non-enzymatic
browning of apple polyphenols. Mod. Food Sci. Technol. 2015, 31, 119–127.
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18. Gawlik-Dziki, U.; Złotek, U.; Świeca, M. Characterization of polyphenol oxidase from butter lettuce
(Lactuca sativa var. capitata L.). Food Chem. 2008, 107, 129–135. [CrossRef]

105



Foods 2019, 8, 154
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