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Abstract: Legumes are valuable sources of proteins and other functional components. However,
the high starch content can be an impediment in developing new vegan food formulations. Enzyme-
assisted hydrolysis was used to hydrolyze the starch from chickpea and broad bean vegetable milk
to further develop vegetable lactic acid-fermented products. The antioxidant activity of legumes was
tested, and it was observed that the overall antioxidant activity (DPPH radical scavenging ability)
significantly increased after enzyme-assisted hydrolysis while total phenols content decreased. The
obtained vegetable milk was then fermented using exopolysaccharides-producing lactic acid bacteria.
A significant decolorization was observed after fermentation in the case of broad bean-based products.
Rheological behavior of the fermented products was determined using small amplitude oscillatory
measurements and the three-interval thixotropy test. Results showed higher complex viscosity values
for broad bean-based products, which displayed a weak gel-like structure. The starter cultures used
for vegetable milk samples fermentation influenced the resistance to flow.

Keywords: enzyme hydrolysis; vegetable milk substitutes; rheological behavior; three-interval
thixotropy test; antioxidant activity

1. Introduction

Plant-based milk or vegetable milk substitutes (herein referred to as ‘vegetable milk’)
are water-soluble extracts based on vegetables, legumes, cereals, pseudocereals, or nuts [1],
and have become very popular among consumers due to the numerous health-related
benefits they provide.

Legumes are valuable sources of functional components such as proteins, carbo-
hydrates with low glycemic load, prebiotic oligosaccharides, dietary fibers, vitamins,
minerals, and phenolic compounds [2,3]. Among legumes, soybean is the most pro-
cessed legume worldwide, mainly due to its specific chemical composition consisting of
low starch, high protein, and high lipid contents. In soybean, starch content is less than
1%, with most carbohydrates being cellulose, pectic polysaccharides, other non-cellulosic
polymers, and free sugars such as sucrose, stachyose and raffinose [4]. Non-soy legume
products are more difficult to process, mostly because of the high starch content, which
absorbs a high amount of water, resulting in thickening of the composition. The function-
ality of the starch varies depending on the source [5]. Generally, cereal starches have an
A-type pattern. Some tuber starches such as potato and cereal starches, which are rich in
amylose, yield the B-type starch pattern, while legume starches present mostly a C-type
pattern [6,7]. Legume starches are characterized by high amylose content of up to 65% [8],
presenting a high ordered structure of the crystalline granules [9]. In particular, the Phase-
olus vulgaris starches present low swelling power and solubility, resistance to α-amylase
attack, high gelatinization temperature, and stable amylographic viscosities [9]. Therefore,
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obtaining vegetable milk and derived products out of legumes other than soybean is a
rather difficult task.

One efficient way of enhancing functional properties of legumes, such as to assure
their utilization in food industry, is the hydrolysis treatment of starch-containing flours
with acids [10] or amylolytic enzymes [11].

Enzymatic hydrolysis can be naturally achieved during the crop sprouting process.
Germination has been found to efficiently enhance the functional properties of crops and
legume flours [12–14]. Germination enhanced the water [14] and fat absorption capacities
and the emulsifying capacity of legume flours [12], favoring the antioxidant capacity.
However, the process is time-consuming, also requiring a vast infrastructure. Moreover,
native and germinated legume seeds were found to contain only β-amylases [15]. Thus,
α-amylases breaks down long-chain carbohydrates; yielding maltotriose and maltose from
amylose, maltose, and glucose; and “limit dextrin” from amylopectin. Then, β-amylases act
on the nonreducing ends of the starch polymer chains [15,16]. Finally, amyloglucosidases,
known as glucoamilases, yield glucose and a low quantity of dextrins [15,16].

In vitro or assisted hydrolysis with amylolytic enzymes is a more approachable tech-
nique that can assure starch degradation into smaller molecules, allowing legume pro-
cessing into a more variable range of food products. It can be used as an alternative to
other methods for improving the technological functionality of legumes. For instance,
to support the bacterial growth for obtaining a yogurt-like product from lupin seeds,
Jiménez-Martínez et al. [17] fortified vegetable milk with lactose and sucrose.

The aim of the present study was to determine the impact of α-amylases and amy-
loglucosidase on the antioxidant activity, physical-chemical, and rheological properties of
the fermented product obtained from vegetable milk based on broad bean and chickpea.

2. Materials and Methods

Broad bean and chickpea seeds were purchased from a local market in Galati, Ro-
mania. The physical and chemical analysis were performed on the legume flour samples
prepared by grinding the seeds using a laboratory mill (WZ-2, Sadkiewicz Instruments,
Bydgoszcz, Poland).

2.1. Proximate Composition of Legume Flours

The proximate composition of the studied legumes was determined as follows. First,
the moisture content was determined using the AACC 44–51 method [18], and the protein
content was determined through the semimicro-Kjeldahl method (Raypa Trade, R Espinar,
SL, Barcelona, Spain). For these compositions, we used the nitrogen conversion factor of
6.00 and determined the fiber content through the AOAC official method 962.09 [19], using
the Gerhardt Fibertech equipment (C. Gerhardt GmbH & Co. KG, Königswinter, Germany).
The ash content was determined using the SR ISO 2171: 2002 method [20]. The amount of
reducing sugars was determined using the 3,5-dinitrosalicylic acid (DNS) assay [21].

2.2. Production of the Vegetable Milk

Broad bean and chickpea seeds (200 g each) were washed in running water and
sanitized by soaking for 15 min in a 70% aqueous alcohol solution. Clean seeds were
further allowed to swell in tap water for 12 h. At the end of the soaking step, any water
excess was discarded. The soaked seeds were finely grinded with 750 mL of tap water for
10 min in a TM5 Thermomix blender (Vorwerk Elektrowerke GmbH & Co., Wuppertal,
Germany). Vegetable milk was obtained by straining the slurry though a cotton gauze. The
dry matter content of the broad bean and chickpea-based milk samples was 9.68 ± 0.05%
and 10.37 ± 0.01%, respectively.

2.3. Enzymatic Hydrolysis

Obtained vegetable milk samples were subjected to hydrolysis with amylolytic en-
zymes according to the procedure of Adthalungrong and Temviriyanukul [22] with modi-
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fications. First, α-amylase (BAN 240L, Novo Nordisk) was added at a ratio of 1 g/100 g
starch. The mixture was heated to 70 ◦C in the TM5 Thermomix blender (Vorwerk Elek-
trowerke GmbH & Co., Wuppertal, Germany) with continuous stirring. The reaction
was allowed to take place for 1 h. Afterward, the temperature was adjusted to 60 ◦C,
and amyloglucosidase (SAN Super 240L, Novo Nordisk, Copenhagen, Denmark) was
added at a level of 1 g/100 g starch. The reaction was allowed to take place for another
hour. At the end of the hydrolysis step, the inactivation of enzymes was performed by
maintaining a temperature of 90 ◦C for 10 min.

2.4. Lactic Acid Fermentation

Two different starter cultures (SC) were used for vegetable milk fermentation, in agree-
ment with the specifications of manufacturer, YF-L 812 (Christian Hansen, Hoersholm,
Denmark). The start cultures were a yogurt starter culture containing Streptococcus ther-
mophilus, Lactobacillus delbrueckii subsp. Bulgaricus (SC1), and a mixture of Lactobacillus casei
and XPL-1 (Christian Hansen, Denmark), which is a mixed culture containing Lactococcus
lactis subsp. cremoris, Lactococcus lactis subsp. lactis, Leuconostoc species, Lactococcus lactis
subsp. lactis biovar. Diacetylactis, and a Streptococcus thermophilus strain (SC2), added
for texture improvement [23]. The enzyme-treated vegetable milk samples were inocu-
lated with SC1 and SC2 and further incubated at 43 ◦C for 10 h to reach a pH of 4.6. The
fermented samples obtained from broad bean (B1 and B2 fermented with SC1 and SC2,
respectively) and chickpea (Ch1 and Ch2 fermented with SC1 and SC2, respectively) were
stored at 4 ◦C prior to analyses.

2.5. Antioxidant Activity Determination

Vegetable milk samples and fermented products were centrifuged at 9690× g for 10 min.
The supernatant was collected for further assaying the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical scavenging activity and total phenolic content.

To emphasize the effect of enzymatic hydrolysis on the antioxidant activity of veg-
etable milk, a parallel sample was prepared in similar conditions (time-temperature)
without added enzymes, further termed ‘control.’

2.5.1. DPPH Radical Scavenging Ability

The overall antioxidant activity was determined with the DPPH method. In short,
0.1 mL of supernatant was mixed with 3.9 mL of 6 × 10−5 M DPPH solution in methanol.
After allowing the compounds to react in the dark for 30 min, the absorbance at a wave-
length of 515 nm was recorded to quantify the remaining DPPH. The DPPH radical scav-
enging activity of studied legumes is expressed as an IC50 value, representing the amount
of antioxidant (mg of legume flours or yoghurt like product) necessary to decrease the
absorbance of the used DPPH solution by 50% [24].

2.5.2. Total Phenolics Content

The Folin-Ciocalteu method was used to determine the concentration of total phenolic
compounds. A volume of 0.2 mL extract was mixed with Folin–Ciocalteu reagent (1.5 mL,
previously diluted with water 1:10, v/v). After 10 min of resting at room temperature,
1.5 mL of 60 g/L sodium carbonate was added. The mixture was allowed to rest for
additional 90 min, and then the absorbance was read at 725 nm. Ferulic acid was used as
reference, and the total phenolic compounds were quantified and reported as mg ferulic
acid equivalents (FAE)/g sample.

2.6. Titratable Acidity Determination

The titratable acidity of the fermented samples was determined by titration with
NaOH 0.1N against phenolphthalein. The pH values were determined using the InoLab
pH7100 pH meter (WTW, Weilheim, Germany).
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2.7. Syneresis Determination

Syneresis phenomenon is defined as the amount of liquid expelled from the gel
structure of the fermented samples. Syneresis was determined as g liquid expelled by 100 g
fermented product while being centrifuged at 3000× g for 5 min.

2.8. Color Determination

CIELAB color parameters (L*, a*, b*) of the vegetable milk and fermented products
were determined using the CR410 chroma meter (Konica Minolta, Tokyo, Japan), equipped
with C illuminant.

2.9. Sensory Analysis

The descriptive sensory analysis was performed after 24 h storage at 4 ◦C. The fer-
mented samples were evaluated in a sensory laboratory under white light. The sensory
attributes taken into account were taste, texture, color, flavor, and overall acceptability. A
panel consisting of 10 trained members, familiarized with the sensory descriptors and the
attribute intensities, conducted the sensory analysis.

2.10. Rheological Measurements

Rheological behavior of the fermented samples was studied using a control-stress
rheometer (AR2000ex, TA Instruments, Ltd., New Castle, DE USA), equipped with a
Peltier jacket temperature control system. A cup and conical cylinder geometry assembly
was used with a bob diameter of 28 mm and 42 mm in length. Rheological tests were
carried out at 20 ◦C. The storage modulus (G′) and loss modulus (G′ ′) were registered.
Oscillatory strain sweep test over an oscillatory strain (γ) range of 1.0–100%, at frequency
of 1Hz was performed to identify the linear viscoelastic region (LVR) of the samples
(where G′, G′ ′ values are not influenced by the strain magnitude), together with the flow
point (at G′- G′ ′ intersection). The thixotropy phenomenon was observed by applying
a 3-interval thixotropy test (3ITT) in low-amplitude oscillatory conditions, as described
by Toker et al. [25]. The first reference interval involved applying a strain value of 0.1%
(within LVR) for 5 min. During the high-shear interval, the strain was raised to 100% and
maintained for 5 min. Finally, a regeneration interval was allowed for 10 min at 0.1% strain.
For each sample, the recovery percentage of the structure was determined according to the
following equation:

%Rec =
G f
Gi
× 100, (1)

where Gi represents the average G′ value from the first interval and Gf represents the final
G′ of the sample from the third interval.

2.11. Statistical Analysis

The statistical analysis of the results was carried out using Statgraphics Centurion
XVI.I software. The data were subjected to single-factor ANOVA analysis with a signifi-
cance level of 95.0%. Fisher’s least significant difference (LSD) test at a 95.0% confidence
level was used to determine differences between mean values. All analyses were carried
out in duplicate and data were reported as mean values ± standard deviation.

3. Results and Discussion
3.1. Influence of Amylase Assisted Hydrolysis on the Antioxidant Activity of Vegetable Milk and
Fermented Products

Broad beans and chickpeas were used to obtain vegetable milk substitutes. The
proximate composition of the broad bean and chickpea flours is presented in Table 1. The
amylase-assisted hydrolysis of the vegetable milk samples was carried out to increase
the amount of sugars useful for fermentation with lactic acid bacteria. Upon hydrolysis,
the amount of reducing sugars increased from 2.85 ± 0.03 to 9.33 ± 0.05 g glucose/100 g
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dw in broad bean samples and from 1.76 ± 0.04 to 11.14 ± 0.02 g glucose/100 g dw in
chickpea samples.

Table 1. Proximate composition of studied legume flours.

Water, g/100 g Ash, g/100 g Proteins,
g/100 g

Fat,
g/100 g

Fibers,
g/100 g

Carbohydrates *,
g/100 g

Broad bean 9.11 ± 0.08 3.68 ± 0.00 24.51 ± 0.80 0.92 ± 0.07 6.61 ± 0.49 55.17
Chickpea 9.53 ± 0.03 2.74 ± 0.00 17.36 ± 0.06 5.6 ± 0.18 2.29 ± 0.31 62.42

* Determined by difference.

The antioxidant activity of the obtained vegetable milk samples is presented in Table 2.
When compared to the corresponding control samples, it can be observed that enzymatic
hydrolysis determined a significant increase of DPPH radical scavenging ability (p < 0.05)
for both legumes considered in the study. Regarding the total phenols content, a significant
decrease was observed upon hydrolysis for both broad bean and chickpea milk samples
(p < 0.05). In this respect, Vuorela et al. [26] also reported a significant reduction of the total
phenolic content in rapeseed meal after enzymatic hydrolysis.

Table 2. Effect of enzymatic hydrolysis on antioxidant activity of vegetable milk obtained from pulses.

Sample Treatment IC50 of DPPH, mg D.W. Total Phenols,
mg Ferulic Acid/g D.W.

Broad Bean Chickpea Broad Bean Chickpea

Control 4.50 ± 0.06 9.92 ± 0.86 4.59 ± 0.14 2.98 ± 0.13
Hydrolyzed vegetable milk 2.84 ± 0.03 5.99 ± 0.03 3.88 ± 0.04 2.42 ± 0.07

D.W.—dry weight.

The vegetable milk samples were further fermented using two different SCs. The
obtained fermented products presented a nice texture, specific to the yogurt. A creamier
texture was noticed in the case of the broad bean-based fermented products, whereas the
chickpea-based samples were more fluid. Regardless of the SC used for fermentation,
no dairy notes were noticed in any of the fermented products. The broad bean-based
samples presented a more pleasant lactic flavor, while the chickpea-based samples pre-
served some beany attributes. Moreover, a sour astringent aftertaste was perceived in
the case of the chickpea-based samples. Considering the better flavor and the absence of
the beany or astringent taste, better acceptability was decided for the broad bean-based
fermented products.

The antioxidant activity of the fermented samples obtained from enzymatically hy-
drolyzed broad bean and chickpea milk is presented in Table 3. Lactic fermentation deter-
mined the increase of the DPPH radical scavenging ability (p < 0.05), with the exception of
the Ch2 sample (chickpea-based vegetable yogurt fermented with SC2). A similar trend
was reported by Apostolidis et al. [27], who compared the performance of Lactobacillus
bulgaricus and Lactobacillus acidophilus to ferment the milk and soymilk. A higher increase
of the DPPH radical inhibition was obtained for both milk- (by 23%) and soy milk- (by 20%)
based products when the fermentation was carried out with L. acidophilus compared to the
samples fermented with L. bulgaricus (increase of 9% for milk and 6% for soy milk). Total
phenols content also increased after fermentation (p < 0.05) for all samples. These results
are partly due to the bacterial enzymes produced during fermentation, which enable the
extraction of different biologically active compounds as the result of the disintegration of
the plant cell walls. In addition, the lactic acid bacteria may be involved in releasing new
biologically active compounds through hydrolysis or in phytochemicals transformation,
such as the depolymerization of the high molecular weight phenolic compounds or the
release of the aglycons from the glycosylated isoflavones [28].
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Table 3. Antioxidant activity of the fermented vegetable products.

Sample
IC50 of DPPH, mg D.W. Total Phenols, mg Ferulic Acid/g D.W.

Initial 2 Weeks of Storage Initial 2 Weeks of Storage

B1 2.15 ± 0.26 a 3.34 ± 0.02 a 5.68 ± 0.05 a 3.90 ± 0.13 b

B2 2.21 ± 0.08 a 3.82 ± 0.07 a 5.73 ± 0.04 a 3.70 ± 0.08 b

Ch1 5.78 ± 0.10 b 8.27 ± 0.12 b 3.85 ± 0.02 b 2.65 ± 0.10 a

Ch2 5.93 ± 0.02 b 8.86 ± 0.00 b 3.88 ± 0.01 b 2.45 ± 0.02 a

Mean values sharing a lowercase letter within a column are statistically similar at a 95.0% confidence level.
D.W.—dry weight, B1—broad bean-based product fermented with SC1; B2—broad bean-based product fermented
with SC2; Ch1—chickpea-based product fermented with SC1; Ch2—chickpea-based product fermented with SC2.

After 2 weeks of storage, the antioxidant activity of all samples significantly decreased
(p < 0.05), reaching values lower than those found in the vegetable milk subjected to
fermentation. On the other hand, after 2 weeks of storage, the total phenols content of
the fermented samples resembled the values obtained for the corresponding vegetable
milk samples (p > 0.05). When comparing the samples obtained from the same type of
vegetable milk, no statistically significant differences were found among samples prepared
with different starter cultures, neither immediately after fermentation nor after 2 weeks of
storage (p > 0.05). A similar decrease of the antioxidant activity and total phenolic content
was reported by Kim et al. [29] when investigating tea fermentation. The authors explained
this decrease by the oxidative degradation of the flavonol glycosides.

3.2. Physicochemical Characteristics of the Fermented Products

To study the effect of starter cultures on quality characteristics of the fermented
products, acidity, pH, syneresis, and color were determined. Analyzing the titratable acidity
results presented in Table 4, there were no significant differences between samples obtained
from the same type of vegetable milk fermented with different starter cultures (p > 0.05).
However, the fermented products obtained from chickpea presented lower titratable acidity
values in comparison with the broad bean ones (p < 0.05), even if the pH values were similar
for all samples (p > 0.05). The higher acidity of broad bean products may be attributed to
the higher amounts of buffering compounds present in raw seeds. Among legumes, broad
bean was reported to contain the largest amounts of Ca2+ (103 mg/100 g), phosphorus
(421 mg/100 g), and potassium (1062 mg/100 g) [30], whereas chickpea was reported to
contain only 57 mg Ca2+, 252 mg phosphorus, and 718 mg potassium per 100 g [31].

Table 4. Physicochemical characteristics of fermented vegetable products.

Physicochemical Parameter
Sample

B1 B2 Ch1 Ch2

Titratable acidity (ml NaOH 0.1n/100g) 132.09 ± 1.89 a 124.23 ± 6.71 a 110.23 ± 6.02 b 118.59 ± 1.80 b

pH value 4.24 ± 0.01 a 4.36 ± 0.00 a 4.13 ± 0.02 a 4.00 ± 0.01 a

Syneresis, g liquid/100 g product 35.81 ± 1.15 a 32.14 ± 2.93 a 41.58 ± 1.52 b 41.84 ± 2.34 b

Mean values sharing a letter within a row are statistically similar at a 95.0% confidence level. B1—broad bean-based product fermented
with SC1; B2—broad bean-based product fermented with SC2; Ch1—chickpea-based product fermented with SC1; Ch2—chickpea-based
product fermented with SC2.

CIELAB color parameters of the vegetable milk and fermented products are presented
in Table 5. In the case of the chickpea-based samples, the lightness values of the vegetable
milk and fermented products were similar (p > 0.05), whereas in the case of broad bean,
the lightness values significantly increased after fermentation (p < 0.05). A similar trend
was observed for yellowness (b*). In the case of the broad bean-based fermented samples,
the b* value significantly increased (p < 0.05), while for the chickpea-based samples,
the yellowness presented a slight insignificant increase (p > 0.05) after fermentation. Indeed,
at visual inspection, a grayish color was observed in the case of the broad bean milk, which
whitened after fermentation. This decolorization phenomenon could be the result of some
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combined reactions. First, it can be the result of lipoxygenase activity. Lipoxygenase
involvement in flour bleaching through oxidation of chlorophyll and carotenoid pigments
is well documented ([32] and cited literature therein; [33]). Broad bean is known to have
50% of the lipoxygenase activity found in soy, and is listed as a legume with medium
lipoxygenase activity [34]. In comparison, chickpea was reported among legumes with
low lipoxygenase activity [34]. It is worth noting that soy lipoxygenase type-1 activity
was reported to be inhibited by calcium ions, whereas lipoxygenase-2 was reported to be
calcium-stimulated [32], and broad bean flour is known to have a high amount of calcium
in comparison to other legumes. Also, broad bean has higher type-2 lypoxigenase activity
compared to type-1 [35].

Table 5. CIELAB color parameters of obtained vegetable milk and lactic acid fermented vegetable
products (yoghurt like).

Color Parameters

L* a* b*

Vegetable milk
Broad bean 57.32 ± 3.57 a 2.01 ± 0.02 bc 4.70 ± 0.36 a

Chickpea 75.87 ± 1.25 c 1.58 ± 0.13 a 17.31 ± 3.43 c

Fermented products—Immediately after fermentation
B1 71.45 ± 0.14 b 2.32 ± 0.03 c 10.51 ± 0.03 b

B2 71.00 ± 0.49 b 2.12 ± 0.04 bc 10.18 ± 0.03 b

Ch1 76.96 ± 0.51 c 1.44 ± 0.11 a 19.44 ± 0.13 c

Ch2 76.53 ± 0.54 c 1.51 ± 0.35 a 19.19 ± 0.33 c

Fermented products—After 2 weeks of storage
B1 71.64 ± 1.24 b 2.27 ± 0.40 c 10.6 ± 0.30 b

B2 71.18 ± 0.16 b 2.12 ± 0.65 bc 10.49 ± 0.45 b

Ch1 76.81 ± 0.17 c 1.73 ± 0.79 ab 18.74 ± 1.07 c

Ch2 75.93 ± 1.60 c 1.44 ± 0.28 a 18.71 ± 0.89 c

Mean values sharing a letter within a column are statistically similar at a 95.0% confidence level. B1—broad bean-
based product fermented with SC1; B2—broad bean-based product fermented with SC2; Ch1—chickpea-based
product fermented with SC1; Ch2—chickpea-based product fermented with SC2.

Another responsible mechanism for the decolorization of the broad bean-based fer-
mented products observed in the present study could involve the amylolytic enzymes
activity on color pigments. Depending on the variety, the pigmentation of the Vicia faba
seed coats is mainly attributed to chlorophyll, anthocyanins, and tannins [36]. In plants, an-
thocyanins are generally present as glycosides, while the sugar-free residues are known as
anthocyanidins [37]. Saigusa et al. [38] stated that the red pigment of aromatic red rice wine
was decolorized by enzymatic digestion with the β-glucosidase fractionated from commer-
cial glucoamylase, releasing glucose from the red pigment in the process. A similar effect
was observed by Saigusa et al. [39] in a fermented beverage obtained from purple-fleshed
sweet potato, where amylolytic enzymes were used for starch hydrolysis. Another cause
for decolorization was anthocyanins loss due to polyphenol oxidase activity ([40], cited
by [41]). Su & Silva [41] reported a significant loss in anthocyanins after acetic fermentation
in blueberry vinegar. On the other hand, the tyrosinase inhibitory activity of broad bean
proteins and peptides can also be mentioned. El-Sayed et al. [42] found monophenolase
inhibitory peptides in broad bean pods hydrolysates. Karkouch et al. [43] reported that
vicilin and legumin B from Vicia faba seeds hydrolysates had tyrosinase inhibitory activity
(up to 81%). Tyrosinase is known to catalyze phenolic compounds oxidation to quinones,
being responsible for the enzymatic browning of fruits and vegetables [44].

However, considering that the vegetable milk samples were subjected to thermal
treatment, only the residual activity of the thermally stable enzymes originating from broad
beans should be taken into account.
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3.3. Rheological Characteristics of the Fermented Products

Low-amplitude oscillatory strain sweep tests and three-interval thixotropy tests were
performed to compare the effect of the two lactic acid bacteria cultures on the rheological
characteristics of the obtained legume-based fermented products.

Figure 1 presents the log-log plot of viscoelastic moduli G′ and G′ ′ vs. strain%. G′

is associated with the elastic nature of the tested product, whereas G′ ′ is associated with
the viscous nature. A wider LVR (up to approximately 1% strain) was observed in the
case of broad bean-based samples (Figure 1a) compared to chickpea-based ones (up to
approximately 0.2% strain) (Figure 1b). LVR is the region where the applied strain does
not’t affect the internal structure of the tested material. The G′ values in the LVR are usually
associated with consistency. In this respect, it could be observed that broad bean-based
samples registered significantly higher G′ values in LVR in comparison with chickpea
ones (p < 0.05). A similar trend was registered for the complex viscosity values in the
LVR (Table 6). Higher consistency of broad bean-containing sourdoughs in comparison
to chickpea-containing ones was also reported by Patras, cu et al. [14]. No clear correlation
between starter cultures and consistency could be observed. Even if G′ and G′ ′ values
appeared slightly higher for B1 in comparison to B2 sample, in the case of chickpea,
the behavior was reversed. Either way, the differences (B1vs. B2 and Ch1 vs. Ch2) were
statistically insignificant (p > 0.05). However, the fermentation with SC2 of both vegetable
milk samples showed a better resistance to flow (p < 0.05). The G′- G′ ′ crossover point
marks the beginning of flow (flow point) and the destruction of the internal structure
of the product. A higher strain value at G′- G′ ′ crossover is associated with a stronger
network. When comparing the two starter cultures used in the study, significantly higher
(p < 0.05) flow points (strain value at G′- G′ ′ intersection) were registered for SC2 in the
case of both broad bean and chickpea samples (Table 6), while chickpea samples presented
a significantly higher resistance to flow (p < 0.05). The G′ values of broad bean samples
presented a sharp decrease at the end of the LVR, while in the case of chickpea, a smooth
transition to viscous behavior was observed (Figure 1). The first case can be associated
with a brittle fracturing behavior, while chickpea-based sample presented a creamier
structure [45]. The two different structures registered during rheological tests are well
correlated with physical appearance of the samples. Upon the visual observation while
steering the product with a spoon, broad bean-based fermented products presented a
weak but compact gel structure, while chickpea-based products had a dispersion-like
appearance. It worth mentioning that, in this respect, Matheis and Whitaker [46] stated
that lipoxygenase activity favors the cross-linking of proteins.
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Figure 1. Rheological behavior of (a) broad bean- and (b) chickpea-based fermented products during low-amplitude
oscillatory strain sweep test. B1—broad bean-based product fermented with SC1; B2—broad bean-based product fermented
with SC2; Ch1—chickpea-based product fermented with SC1; Ch2—chickpea-based product fermented with SC2.
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Table 6. Rheological parameters registered during low-amplitude oscillatory strain sweep and 3-interval thixotropy tests for broad
bean and chickpea fermented products.

Rheological Parameter Sample

B1 B2 Ch1 Ch2

Complex viscosity in LVR (Pa.s) 112.10 ± 28.82 a 75.11 ± 2.74 a 16.98 ± 3.46 b 31.24 ± 1.89 b

Flow point
%γ at G′-G′ ′ crossover 13.31 ± 0.25 a 16.27 ± 0.09 b 37.55 ± 0.18 c 42.10 ± 0.19 d

% of structure recovery in 3ITT 82.57 ± 2.82 a 62.65 ± 1.19 b 57.85 ± 1.61 b 54.12 ± 2.45 b

Mean values sharing a letter within a row are statistically similar at a 95.0% confidence level. B1—broad bean-based product fermented
with SC1; B2—broad bean-based product fermented with SC2; Ch1—chickpea-based product fermented with SC1; Ch2—chickpea-based
product fermented with SC2.

Regarding the thixotropic behavior and the complete time-dependent recovery of the
initial state upon reduction of the load [45], only the B1 sample approached the require-
ments, with 82% of structure recovery registered during the 10 min of the applied quasistatic
state (third region in Figure 2, corresponding to strain value of 0.1%, within LVR).
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Figure 2. Structure recovering ability of (a) broad bean- and (b) chickpea-based fermented products
determined with 3ITT under low-amplitude oscillatory conditions. B1—broad bean-based product
fermented with SC1; B2—broad bean-based product fermented with SC2; Ch1—chickpea-based
product fermented with SC1; Ch2—chickpea-based product fermented with SC2.

4. Conclusions

The present study aimed to determine some quality characteristics of broad bean- and
chickpea-based fermented products. The lactic acid bacteria were used for fermenting
the vegetable milk obtained after hydrolysis with amylolytic enzymes. Both enzymatic
hydrolysis and fermentation favored the in vitro antioxidant activity of vegetable milk and
fermented products. Broad bean-based fermented products registered a higher titratable
acidity for similar pH values in comparison to chickpea, as well as a lower syneresis
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phenomenon. A significant decolorization was observed in the case of the broad bean
fermented product, resulting in higher lightness and yellowness values after fermentation.
Rheological tests revealed a creamier structure for chickpea-based fermented products and
a higher consistency for broad bean-based ones, resembling a weak gel. The SC2 starter
culture used for fermentation—a culture with increased exopolysaccharides productivity—
resulted in samples with a better resistance to flow, while no correlations could be observed
in terms of consistency. Further experiments will deal with the optimization of the enzyme-
assisted hydrolysis and fermentation steps while monitoring the functional features and
sensory attributes of the fermented products.

Author Contributions: Conceptualization, L.P. and I.A.; methodology, I.V. and M.G.; software,
V.M.; validation, L.P., I.A., and I.V.; investigation, L.P., I.V, M.G., and V.M.; writing—original draft
preparation, I.V. and L.P.; writing—review and editing, L.P. and I.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The technical support of the Integrated Center for Research, Expertise and
Techno-logical Transfer in Food Industry and of the Research and Development Center for Thermoset
Matrix Composites from Dunarea de Jos University of Galati is acknowledged.

Conflicts of Interest: The authors declare that there are no conflicts of interest in this research article.

References
1. Rincon, L.; Braz Assunção Botelho, R.; de Alencar, E.R. Development of novel plant-based milk based on chickpea and coconut.

LWT-Food Technol. 2020, 128, 109479. [CrossRef]
2. Boye, J.; Zare, F.; Pletch, A. Pulse proteins: Processing, characterization, functional properties and applications in food and feed.

Food Res. Int. 2010, 43, 414–431. [CrossRef]
3. García, M.C.; Puchalska, P.; Esteve, C.; Marina, M.L. Vegetable foods: A cheap source of proteins and peptides with antihyperten-

sive, antioxidant, and other less occurrence bioactivities. Talanta 2013, 106, 328–349. [CrossRef] [PubMed]
4. Choct, M.; Dersjant-Li, Y.; McLeish, J.; Peisker, M. Soy oligosaccharides and soluble non-starch polysaccharides: A review of

digestion, nutritive and anti-nutritive effects in pigs and poultry. Asian-Australas. J. Anim. Sci. 2010, 23, 1386–1398. [CrossRef]
5. Mishra, S.; Rai, T. Morphology and functional properties of corn, potato and tapioca starches. Food Hydrocoll. 2006, 20, 557–566.

[CrossRef]
6. Pérez, S.; Baldwin, P.M.; Gallant, D.J. Structural features of starch granules I. In Starch; Academic Press: Cambridge, MA, USA,

2009; pp. 149–192.
7. Cai, J.; Cai, C.; Man, J.; Zhou, W.; Wei, C. Structural and functional properties of C-type starches. Carbohydr. Polym. 2014, 101,

289–300. [CrossRef]
8. Hoover, R.; Sosulski, F.W. Composition, structure, functionality, and chemical modification of legume starches: A review. Can. J.

Physiol. Pharmacol. 1991, 69, 79–92. [CrossRef]
9. Hoover, R.; Sosulski, F. Studies on the functional characteristics and digestibility of starches from Phaseolus vulgaris biotypes.

Starch Stärke 1985, 37, 181–191. [CrossRef]
10. Wang, S.; Copeland, L. Effect of acid hydrolysis on starch structure and functionality: A review. Crit. Rev. Food Sci. Nutr. 2015, 55,

1081–1097. [CrossRef]
11. Hoover, R.; Zhou, Y. In vitro and in vivo hydrolysis of legume starches by α-amylase and resistant starch formation in legumes—A

review. Carbohydr. Polym. 2003, 54, 401–417. [CrossRef]
12. Ghavidel, R.A.; Prakash, J. Effect of germination and dehulling on functional properties of legume flours. J. Sci. Food Agric. 2006,

86, 1189–1195. [CrossRef]
13. Brajdes, , C.; Vizireanu, C. Sprouted buckwheat an important vegetable source of antioxidants. Ann. Univ. Dunarea Jos Galati.

Fascicle VI Food Technol. 2012, 36, 53–60.
14. Patraşcu, L.; Vasilean, I.; Turtoi, M.; Garnai, M.; Aprodu, I. Pulse germination as tool for modulating their functionality in wheat

flour sourdoughs. Qual. Assur. Saf. Crop. Foods 2019, 11, 269–282. [CrossRef]
15. Segal, R. Biochimia Produselor Alimentare. (Biochemistry of Food Science); Academica Press: Galati, Romania, 2006.
16. Robyt, J.F. Enzymes and their action on starch. In Starch; Academic Press: Cambridge, MA, USA, 2009; pp. 237–292.
17. Jiménez-Martínez, C.; Hernández-Sánchez, H.; Dávila-Ortiz, G. Production of a yogurt-like product from Lupinus campestris

seeds. J. Sci. Food Agric. 2003, 83, 515–522. [CrossRef]
18. American Association of Cereal Chemists International (AACC). Approved Methods of Analysis, 11th ed.; AACC International: St.

Paul, MN, USA, 2010.
19. Association of Official Agricultural Chemists (AOAC). Official Methods of AOAC International, 17th ed.; Official Method 962.09;

AOAC International: Gaithersburg, MD, USA, 2000.

http://doi.org/10.1016/j.lwt.2020.109479
http://doi.org/10.1016/j.foodres.2009.09.003
http://doi.org/10.1016/j.talanta.2012.12.041
http://www.ncbi.nlm.nih.gov/pubmed/23598136
http://doi.org/10.5713/ajas.2010.90222
http://doi.org/10.1016/j.foodhyd.2005.01.001
http://doi.org/10.1016/j.carbpol.2013.09.058
http://doi.org/10.1139/y91-012
http://doi.org/10.1002/star.19850370602
http://doi.org/10.1080/10408398.2012.684551
http://doi.org/10.1016/S0144-8617(03)00180-2
http://doi.org/10.1002/jsfa.2460
http://doi.org/10.3920/QAS2018.1364
http://doi.org/10.1002/jsfa.1385


Foods 2021, 10, 1530 11 of 11

20. Asociatia de Standardizare din România (ASRO). Romanian Standards Catalog for Cereal and Milling Products Analysis; SR ISO
2171:2002, 91:2007; ASRO: Bucharest, Romania, 2008.

21. Vidal, B.C., Jr.; Rausch, K.D.; Tumbleson, M.E.; Singh, V. Kinetics of granular starch hydrolysis in corn dry-grind process. Starch
Stärke 2009, 61, 448–456. [CrossRef]

22. Adthalungrong, C.; Temviriyanukul, S. Optimization of lactic acid production from tapioca starch hydrolysate by Lactobacillus
casei TISTR 453. Asia-Pac. J. Sci. Technol. 2010, 15, 436–445.

23. Vasilean, I.; Segal, R. The influence of biosynthesized exopolysaccharides on some characteristics of fermented dairy products.
Ann. Univ. Dunarea Jos Galati. Fascicle VI Food Technol. 2011, 35, 71–76.

24. López-Amorós, M.L.; Hernández, T.; Estrella, I. Effect of germination on legume phenolic compounds and their antioxidant
activity. J. Food Compos. Anal. 2006, 19, 277–283. [CrossRef]

25. Toker, O.S.; Karasu, S.; Yilmaz, M.T.; Karaman, S. Three interval thixotropy test (3ITT) in food applications: A novel technique to
determine structural regeneration of mayonnaise under different shear conditions. Food Res. Int. 2015, 70, 125–133. [CrossRef]

26. Vuorela, S.; Meyer, A.S.; Heinonen, M. Quantitative analysis of the main phenolics in rapeseed meal and oils processed differently
using enzymatic hydrolysis and HPLC. Eur. Food Res. Technol. 2003, 217, 517–523. [CrossRef]

27. Apostolidis, E.; Kwon, Y.I.; Ghaedian, R.; Shetty, K. Fermentation of milk and soymilk by Lactobacillus bulgaricus and Lactobacil-
lus acidophilus enhances functionality for potential dietary management of hyperglycemia and hypertension. Food Biotechnol.
2007, 21, 217–236. [CrossRef]

28. Hur, S.J.; Lee, S.Y.; Kim, Y.C.; Choi, I.; Kim, G.B. Effect of fermentation on the antioxidant activity in plant-based foods. Food Chem.
2014, 160, 346–356. [CrossRef]

29. Kim, Y.; Goodner, K.L.; Park, J.-D.; Choi, J.; Talcott, S.T. Changes in antioxidant phytochemicals and volatile composition of
Camellia sinensis by oxidation during tea fermentation. Food Chem. 2011, 129, 1331–1342. [CrossRef]

30. USDA National Nutrient Database for Standard Reference. SR Legacy, 175205, NDB Number: 16052. 2018. Available online:
https://fdc.nal.usda.gov/fdc-app.html#/food-details/175205/nutrients (accessed on 10 February 2021).

31. USDA National Nutrient Database for Standard Reference. SR Legacy, 173756, NDB Number: 16056. 2018. Available online:
https://fdc.nal.usda.gov/fdc-app.html#/food-details/173756/nutrients (accessed on 10 February 2021).

32. Baysal, T.; Demirdöven, A. Lipoxygenase in fruits and vegetables: A review. Enzym. Microb. Technol. 2007, 40, 491–496. [CrossRef]
33. Junqueira, R.M.; Cocato, M.L.; Colli, C.; Castro, I.A. Synergism between lipoxygenase-active soybean flour and ascorbic acid on

rheological and sensory properties of wheat bread. J. Sci. Food Agric. 2008, 88, 194–198. [CrossRef]
34. Chang, P.R.; McCurdy, A.R. Lipoxygenase activity in fourteen legumes. Can. Inst. Food Sci. Technol. J. 1985, 18, 94–96. [CrossRef]
35. Clemente, A.; Olías, R.; Olías, J.M. Purification and characterization of broad bean lipoxygenase isoenzymes. J. Agric. Food Chem.

2000, 48, 1070–1075. [CrossRef]
36. Nozzolillo, C.; Ricciardi, L.; Lattanzio, V. Flavonoid constituents of seed coats of Vicia faba (Fabaceae) in relation to genetic

control of their color. Can. J. Bot. 1989, 67, 1600–1604. [CrossRef]
37. Mathew, A.G.; Parpia, H.A.B. Food browning as a polyphenol reaction. In Advances in Food Research; Academic Press: Cambridge,

MA, USA, 1971; Volume 9, pp. 75–145.
38. Saigusa, N.; Terahara, N.; Ohba, R. Evaluation of DPPH-radical-scavenging activity and antimutagenicity and analysis of

anthocyanins in an alcoholic fermented beverage produced from cooked or raw purple-fleshed sweet potato (Ipomoea batatas cv.
Ayamurasaki) roots. Food Sci. Technol. Res. 2005, 11, 390–394. [CrossRef]

39. Saigusa, N.; Teramoto, Y.; Ueda, S.; Yoshizawa, K. Effects of β-glucosidase activity on the characteristics of aromatic red rice wine.
J. Inst. Brew. 1994, 100, 159–162. [CrossRef]

40. Sakamura, S.; Watanase, S.; Obata, Y. Oxidative decolorization of the anthocyanin by polyphenol oxidase. Agric. Biol. Chem. 1965,
29, 181–190.

41. Su, M.S.; Silva, J.L. Antioxidant activity, anthocyanins, and phenolics of rabbiteye blueberry (Vaccinium ashei) by-products as
affected by fermentation. Food Chem. 2006, 97, 447–451. [CrossRef]

42. El-Sayed, S.T.; Al-Azzouny, R.A.; Ali, O.S. Purification of a novel monophenolase inhibitory peptides prepared from Vicia faba
pods protein via enzymatic hydrolysis. Biocatal. Agric. Biotechnol. 2019, 19, 101123. [CrossRef]

43. Karkouch, I.; Tabbene, O.; Gharbi, D.; Mlouka, M.A.B.; Elkahoui, S.; Rihouey, C.; Coquet, L.; Cosette, P.; Jouenne TLimam, F.
Antioxidant, antityrosinase and antibiofilm activities of synthesized peptides derived from Vicia faba protein hydrolysate: A
powerful agents in cosmetic application. Ind. Crop. Prod. 2017, 109, 310–319. [CrossRef]

44. Kim, Y.J.; Uyama, H. Tyrosinase inhibitors from natural and synthetic sources: Structure, inhibition mechanism and perspective
for the future. Cell. Mol. Life Sci. CMLS 2005, 62, 1707–1723. [CrossRef]

45. Mezger, T.G. Applied Rheology; Anton Paar GmbH: Graz, Austria, 2015.
46. Matheis, G.; Whitaker, J.R. A review: Enzymatic cross-linking of proteins applicable to foods. J. Food Biochem. 1987, 11, 309–327.

[CrossRef]

http://doi.org/10.1002/star.200800091
http://doi.org/10.1016/j.jfca.2004.06.012
http://doi.org/10.1016/j.foodres.2015.02.002
http://doi.org/10.1007/s00217-003-0811-3
http://doi.org/10.1080/08905430701534032
http://doi.org/10.1016/j.foodchem.2014.03.112
http://doi.org/10.1016/j.foodchem.2011.05.012
https://fdc.nal.usda.gov/fdc-app.html#/food-details/175205/nutrients
https://fdc.nal.usda.gov/fdc-app.html#/food-details/173756/nutrients
http://doi.org/10.1016/j.enzmictec.2006.11.025
http://doi.org/10.1002/jsfa.3071
http://doi.org/10.1016/S0315-5463(85)71727-0
http://doi.org/10.1021/jf990463s
http://doi.org/10.1139/b89-200
http://doi.org/10.3136/fstr.11.390
http://doi.org/10.1002/j.2050-0416.1994.tb00815.x
http://doi.org/10.1016/j.foodchem.2005.05.023
http://doi.org/10.1016/j.bcab.2019.101123
http://doi.org/10.1016/j.indcrop.2017.08.025
http://doi.org/10.1007/s00018-005-5054-y
http://doi.org/10.1111/j.1745-4514.1987.tb00129.x

	Introduction 
	Materials and Methods 
	Proximate Composition of Legume Flours 
	Production of the Vegetable Milk 
	Enzymatic Hydrolysis 
	Lactic Acid Fermentation 
	Antioxidant Activity Determination 
	DPPH Radical Scavenging Ability 
	Total Phenolics Content 

	Titratable Acidity Determination 
	Syneresis Determination 
	Color Determination 
	Sensory Analysis 
	Rheological Measurements 
	Statistical Analysis 

	Results and Discussion 
	Influence of Amylase Assisted Hydrolysis on the Antioxidant Activity of Vegetable Milk and Fermented Products 
	Physicochemical Characteristics of the Fermented Products 
	Rheological Characteristics of the Fermented Products 

	Conclusions 
	References

