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Abstract: Preparation of soymilk-based product with probiotics is reasonably a novel approach in
the field of fermented functional foods. The aim of this study was to develop riboflavin enriched
fermented soy curds with either or combination of the two riboflavin producing probiotic strains of
Lactobacillus plantarum i.e., MTCC 25432 (BBC32B) and MTCC 25433 (BBC33), and to compare the
technological and functional properties of its developed products. Acidification rate and lactic acid
production were enhanced with L. plantarum and its combination in a shorter time to reach pH 4.7.
Hardness and cohesiveness were significantly (p < 0.05) higher for fermented soymilk by co-culture
of L. plantarum followed by individual strains. Similarly, higher G′ (6.25 × 102 Pa), G” (2.30 × 103 Pa)
and G* (8.00 × 102 Pa) values observed for the combination of both L. plantarum strains showed that
the gel formed was firmer and had solid character. The riboflavin content of product developed
with a combination of test cultures was significantly higher (342.11 µg/L) than individual cultures
and control. The final product had a higher probiotic count (more than 9 log cfu/mL), which is also
required for functional food containing probiotics.

Keywords: probiotic; riboflavin; soycurd; Lactobacillus plantarum

1. Introduction

The consumption of probiotic-containing beverages and fermented foods deliver
health benefits to host, and has now become a growing trend worldwide [1]. Probiotics
have established their efficacy in providing beneficial effects in different health-related
conditions [2]. Several dairy-based fermented food products have been known to de-
liver probiotics because of their direct association with lactic fermentation [3]. But, these
foods are having the disadvantage of being not suitable for lactose intolerant persons [4].
Hence, there is a need for evaluating the non-dairy food matrices for the delivery of
probiotics. Soymilk or soy aqueous extract has been considered as a suitable medium
for the development of probiotic-containing fermented functional foods [5,6]. Besides
acceptable evaluation as a possible probiotic vehicle, soy-based products have more con-
sideration because of their health-improving functional properties such as hypolipidemic,
anti-atherogenic, antioxidant, and anti-allergenic [7–9].

Acidification of the foods due to fermentation is an important attribute as it inhibits
the growth of some non-essential microorganisms. It is also essential to get good sensory
properties such as aroma, flavor, and texture of the final product [10]. Because of this
attribute, soymilk has been accepted as a suitable medium for probiotic growth, acidifi-
cation, and their survival [11]. The protein contents of soy-product enhanced the growth
of several probiotic strains such as Lactobacillus acidophilus, Streptococcus thermophilus, and
Lactobacillus casei [12]. In 2003, Shimakama [13] first reported the fermented soy-beverages
containing probiotic with a good sensory acceptance and health benefit potential. Gel
formation of soymilk proteins is considered an important process step for developing

Fermentation 2021, 7, 47. https://doi.org/10.3390/fermentation7020047 https://www.mdpi.com/journal/fermentation

https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0003-2313-4215
https://orcid.org/0000-0002-1330-3540
https://doi.org/10.3390/fermentation7020047
https://doi.org/10.3390/fermentation7020047
https://doi.org/10.3390/fermentation7020047
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation7020047
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/2311-5637/7/2/47?type=check_update&version=1


Fermentation 2021, 7, 47 2 of 16

non-dairy fermented product. However, very few studies have reported the rheological
properties and textural profile of fermented soy products [14–16].

For any probiotic organism, the ability of producing the bio-effector molecule such as
vitamins is an added advantage. The product developed with such organism will not only
help in improving gut health but may also be a nutritional source for mitigation of related
deficiencies. Riboflavin (vitamin B2) is an important vitamin which is essential for metabolic
functions such as cellular growth, energy production, and redox potential [5]. Adeficiency
of riboflavin can cause health issues such as development of ulcers and cataracts, cheilosis,
anaemia, hyperhomocysteinemia, and dementia [17]. In a country like India where diets are
largely plant based, the deficiency of riboflavin is prevalent in both children and adults [18].

We have previously studied the riboflavin producing potential of a few L. plantarum
strains in broth as well as food matrix [19]. The in vitro probiotic potential and safety
profile of these strains have also been studied comprehensively [20]. Current study has
been undertaken to develop the fermented soycurd using our previously studied probiotic
strains; Lactobacillus plantarum MTCC 25433 (BBC33), L. plantarum MTCC 25432 (BBC32B)
individually or in combination of both. Rheological characteristics and texture properties
of the fermented soyproduct were estimated in correlation with the previous reports.
Impact of soymilk medium on the growth of probiotic strains and simultaneously, pH
and titrable acidity, were also measured during fermentation. Moreover, the functional
attributes (antioxidant, antimicrobial, and riboflavin production) were also estimated for
the developed fermented soycurds.

2. Materials and Methods
2.1. Bacterial Strains and Culture Media

The strains used in this study, L. rhamnosus GG, L. plantarumMTCC 25433 (BBC33) and
L. plantarumMTCC 25432 (BBC32B) were obtained from the microbiology laboratory, Na-
tional Institute of Food Technology Entrepreneurship and Management (NIFTEM), Kundli,
India. All the strains were subcultured thrice in De Man, Rogosa, and Sharpe (MRS) broth
(HiMedia laboratories, Mumbai, India) for biological activation followed by incubation at
37 ◦C for 24 h and then activated strains were used to ferment the soymilk. Preliminary
experiments were conducted to decide the concentration of inoculums. Simultaneously,
stocks of the cultures were prepared using sterile glycerol (60%) with final 1:1 ratio and
stored at −80 ◦C. Nutrient broth (NB) and nutrient agar (NA) (HiMedia laboratories, Mum-
bai, India) were used for the cultivation of pathogen indicators (Staphylococcus aureus ATCC
6538, Enterococcus faecalis ATCC 14506, Escherichia coli ATCC 11775 obtained from American
Type Culture Collection (ATCC), Manassas, VA, USA and Pseudomonas aeruginosaATCC
27853, Salmonella entericaATCC 13076 and Klebsiella pneumoniae ATCC 13883 obtained from
Microbiology lab, NIFTEM, Kundli, India).

2.2. Preparation and Fermentation of Soymilk

Preparation of soymilk was done as per the standard method reported by Nelson [21]
with some modifications. Briefly, soybeans (250 g) were soaked in distilled water and
kept at room temperature for 12 h. Then, water was drained off from the soybeans and
hydrated beans were peeled off manually to remove their testa. Beans were peeled and then
placed in a mixer grinder (Bajaj Electronics, New Delhi, India) and grinded for 5 min with
500 mL of distilled water. Further, slurry was filtered using two layers of muslin cloth and
final volume was set at 1000 mL with distilled water. Obtained soymilk was sterilized by
autoclaving for 15 min and fermentation was done separately using 1% overnight activated
inoculum of the strains GG (control), MTCC 25432, MTCC 25433, and a combination of
MTCC 25432 and MTCC 25433 at 37 ◦C for 12 h. The soy curd developed after fermentation
was transferred to refrigerator (4 ◦C) for further analysis.
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2.3. Growth Rate Evaluation of Strains in Soymilk

Growth rate study of the probiotic strains used for fermentation was done to inves-
tigate their growth pattern in soymilk. In brief, 5 mL of soymilk was inoculated (at 1%)
with tested strain and 500 µL of sample was collected at different time points up to 24 h for
plating on MRS agar. 10th fold dilution (0.5 mL sample and 4.5 mL autoclaved phosphate
buffer saline (PBS)) followed by serial dilution of the sample was performed to get the
countable colonies on plate and then spread plating was done using 100 µL of diluted
sample [22]. A threshold growth difference (∆logcfu≥ 1) after 6 h was considered as the
successful growing capability of the strains in soymilk. Growth rate (∆logcfu) in soymilk
was calculated by the following formula;

∆logcfu = log cfu T1− log cfuT0

where T1 was growth at particular hour and T0 was growth at 0 h.

2.4. pH and Titratable Acidity Estimation

The pH and titratable acidity of the soycurd fermented with different probiotic strains
was done to the exact pH and lactic acid (LA) content of the samples. The pH of soycurd
was measured using pH meter (EUTECH Instruments, Mumbai, India) from 0 to 24 h
and at 7, 14, and 28th day of storage. Similarly, acidity of the samples was determined
using standardized method of Gatade [23] at same time points and days of storage. Briefly,
the coagulum was broken by stirring and 2 mL sample of the fermented soycurd was
taken in a 50 mL beaker and equal volume of distilled water was added. A few drops of
phenolphthalein indicator were then added to the samples and titration was performed
against 0.1N NaOH until light pink color appeared. The volume of NaOH consumed to
change the color of soymilk was noted and % lactic acid (LA) was calculated using the
formula; %LA = 90 × N × titer value × 100/sample volume × 1000.

2.5. Rheological Measurements

Rheological measurements of the fermented soycurdwere investigated to monitor
the viscoelastic and gelation properties using a standard method of Ferragut [24] with
some modifications. Briefly, the rheological properties of samples were monitored with
Anton PaarRheometer (Model: MCR 302, Enzesfeld-Lindabrunn, Austria) using a parallel
plate arrangement with 2.5-mm gap at 20 ◦C temperature. After moderate stirring, a
small sample of fermented soycurd was deposited on the middle of inset plate. First,
amplitude sweep test was performed using a frequency of 1 Hz at ascertain viscoelastic
range (0.01 to 100 Pa) and then frequency sweep test (0.1 to 10 Hz at maximum strain of
0.06) was performed. The data obtained for rheological measurements were analyzed using
instrument software. The dynamic moduli (G′, G” and G*) and eta (η) values were also
calculated from frequency sweep test.

2.6. Texture Profile Analysis (TPA)

TPA of the fermented soycurd was measured using texture analyzer (TA.XT2i, Stable
Microsystems, Godalming, UK) equipped with 25-kg load cell at 20 ◦C. To calculate the most
texture profiles after analysis, profile curves were used to calculate hardness, gumminess,
adhesiveness, cohesiveness, and springiness of the samples [25].

2.7. Riboflavin Extraction from Fermented Soycurd

Riboflavin extraction from fermented soycurd was done using the method reported
by Del-Valle [26] with slight modification. Briefly, 5 mL of fermented soymilk was mixed
with equal volume of acetic acid (1%), autoclaved at 121 ◦C for 30 min, and centrifuged
at 10,000× g for 15 min. Supernatant was collected, filtered using 0.22 µm filters (Merck,
Germany), and kept at −20 ◦C until riboflavin was estimated using high-performance
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liquid chromatography (HPLC). Complete extraction procedure was performed in dark to
avoid the light exposure of riboflavin present in the sample.

2.8. Riboflavin Quantification In Fermented Soycurd

Chromatographic analysis of the supernatant obtained from fermented soycurd was
performed by Waters HPLC (Model 2707, Waters India Pvt. Ltd., Kolkata, India) having
reverse-phase C18 column (Kromasil, SIGMA, St. Louis, MO, USA, 5µ 100A, 250× 4.6 mm),
an in-line degasser, auto-sampler, binary 515 pump control (module II) and fluorescence
detector with excitation wavelength 440 nm and emission wavelength 520 nm) to estimate
riboflavin. Analysis of the sample was done by isocratic elution with flow rate of 1 mL/min
using a freshly prepared mobile phase of methanol/water (35:65 v/v) mixture [27]. Pure
riboflavin (Sigma, USA) was used as control.

2.9. DPPH Scavenging Activity

The antioxidant activity of the fermented soycurd was analyzed by the method re-
ported by Bhushan [20] with slight modifications. Briefly, 250 µL supernatant obtained
from fermented soycurd was mixed to equal amount of DPPH (0.1 mM) working solution
in an amber color Eppendorf tube and incubated at 37 ◦C for 30 min. After incubation,
the absorbance of the solution was measured at 515 nm using SICAN 2301 Double Beam
Spectrophotometer (Inkarp Instruments Pvt. Ltd., Hyderabad, India) against supernatant
obtained from unfermented soycurd as blank. The following formula was used to calculate
the antioxidative activity of the samples:

DPPH scavenging (%) = (A515 nm blank − A515 nm sample/A515 nm blank) × 100.

2.10. Antibacterial Activity

Antibacterial activity of the fermented soycurd was measured using agar well diffu-
sion assay reported by Schillinger [28]. In brief, hard Nutrient Agar (1.5%) plates were
prepared and allowed to solidify at room temperature. 100 µL aliquot of the overnight
activated test pathogen was mixed in soft Nutrient Agar (0.7% agar) and poured on pre-
solidified hard Nutrient Agar. Further, inoculated plates were allowed to dry at room
temperature and equidistant wells (5 mm) were punched using sterile glass borer. Wells
were filled with 100 µL of supernatant obtained from fermented soycurd and unfermented
soycurd as control. The plates were first incubated at 4 ◦C for 1 h to get diffusion of the
sample, followed by overnight incubation at 37 ◦C. The antibacterial activity was recorded
by measuring the zone of inhibition (in mm).

2.11. Sensory Evaluation of Fermented Soycurd

Sensory evaluation of the soycurd fermented with different probiotic strain (s) was
done using fuzzy logics with 15 numbers of judges of faculty and students aged between
23 to 50 years of NIFTEM, Kundli, India. members were instructed to use fuzzy logic scale
(1 = not satisfactory, 2 = fair, 3 = good, 4 = very good, and 5 = excellent)to evaluate the
acceptability of sensory attributes such as color, aroma, taste, and mouth feel and they
were asked to give their response after tasting fermented soycurd and give score to each
sample as per their feel. All judges cleaned their oral cavity with mineral water before
each serving and were fastened for at least 3 h before evaluation. The key steps of this
evaluation study were; (i) testing of all the samples in triplicate; (ii) sum of the sensory
scores of every sample; (iii) computation of overall function on the standard fuzzy scale
and (iv) estimation of the same values and scoring of the samples. The data analysis was
done in MATLAB by the standard method reported by Chowdhury and Das [29].

2.12. Statistical Analysis

All the values were expressed as means ± SD and statistical analyses were analyzed
by GraphPad Prism (version 5.01) (La Jolla, CA, USA). Differences between the means
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were tested for statistical significance using analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. All of the discussed experiments were conducted in triplicate and
differences were considered statistically significant at p < 0.05 to p < 0.0001.

3. Results and Discussion
3.1. Probiotic Growth Pattern after Soymilk Fermentation

During growth evaluation, aseptic conditions were maintained during incubation and
no unwanted growth was observed in soy samples plated on NA plate. Probiotic strains L.
plantarum MTCC 25432 (BBC32B), L. plantarum MTCC 25433 (BBC33) and combination of
MTCC 25432 (BBC32B) and MTCC 25433 (BBC33) showed significantly higher (p < 0.0001)
log CFU/mL in comparison to control L. rhamnosus GG. The outcomes of Del-Valle [5]
and Bhushan [26] were also on the same line, where lactobacilli exhibited different growth
patterns during soymilk fermentation. A constant increase in the mean log CFU values
was noticed till 12th h and then no such growth was recorded (Figure 1). Similar data
were reported by Del-Valle [26] when soymilk was fermented with lactobacilli for vitamin
enrichment.
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Figure 1. Growth pattern evaluation: A higher growth pattern of the probiotic strains L. plantarum
MTCC 25432 (BBC32B), L. plantarum MTCC 25433 (BBC33) and combination of L. plantarum MTCC
25432 (BBC32B) and MTCC 25433 (BBC33) in comparison to control L. rhamnosus GG in term of
log CFU/mL. The values are expressed as mean ± SEM of three independent experiments with
significant difference (p < 0.0001).

3.2. pH and Titratable Acidity Estimation

Acidification of the food material due to low pH and high LA production upon
fermentation is a common but important process [30]. In support of this statement, probiotic
strains were found to be grown well in soymilk and marked acidification seen after 4 h
of fermentation. At the 12th hour of fermentation, a significant decrease in initial pH
(6.6) of soymilk was measured with fermentation of L. plantarum MTCC 25433 (BBC33)
(6.0), L. plantarum MTCC 25432 (BBC32B) (5.9), and a combination of L. plantarum MTCC
25432 (BBC32B) and L. plantarum MTCC 25433 (BBC33) (6.1). Less reduction in pH was
noticed for the soymilk fermented with L. rhamnosus GG (6.3) strain in comparison to other
strains (Figure 2A). The stability in pH was found after 24 h of fermentation (Figure 2B). As
anticipated, the continual increase in % LA production was recorded upto 12 h (Figure 2C),
which was later on found stable upto 7th, 14th, and 28thday of storage (Figure 2D), and
depicted the long-time shelf life of product.
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3.3. Rheological Properties

The rheological properties of the fermented soycurd samples were investigated us-
ing oscillatory testing in correlation with unfermented soycurd as control as shown in
Tables 1 and 2. Frequency sweep tests indicated the viscoelastic characteristics of fermented
soycurd. Where storage modulus (G′) and loss modulus (G”) characterize the degree of
solid/elasticity and liquid/viscous nature of the sample respectively. Starter cultures to
ferment soymilk exhibited a fine gel-like behavior, therefore G′ found higher than G” which
was directly supported by the finding of Donkor [15]. High G′ value and low angular
frequency values were noticed indicating the semi-solid character of every sample. The
Bifidobacterium and Lactobacillus are best known to alter the rheological measurements of
milk after fermentation [31]. A significant correlation between low-temperature storage
and these microorganisms were found in the study of Kristo and Tamime [32,33] which
showed a significant (p < 0.05) effect on the rheological parameters of supplemented soy
yoghurt. Eta (η) values among all the pure culture were found higher for L. rhamnosus GG
(23902 Pa) followed by L. plantarum MTCC 25432 (BBC32B) (2710.5), L. plantarum MTCC
25433 (BBC33) (1963.8 Pa) and a combination of both L. plantarum MTCC 25432 (BBC32B)
and MTCC 25433 (BBC33) (967.34 Pa). G′ and G” values of the soycurd fermented by L.
plantarum MTCC 25432 (BBC32B) were found to be higher as compared to the soycurd fer-
mented with other cultures as shown in Table 1 and the exact same angular frequency was
noticed for all samples. Similar to the frequency sweep test, stress sweep test also exhibited
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the variations in the parameters of the samples as shown in Table 2. Probiotic strain L.
plantarum MTCC 25432 (BBC32B) and MTCC 25433 (BBC33) in combination showed higher
shear rate (2.56), shear stress (10), viscosity (3.91), speed (2.45), and torque (245) in compar-
ison to other probiotic strains (L. rhamnosus GG, L. plantarum MTCC 25432 (BBC32B) and
L. plantarum MTCC 25433 (BBC33)) which showed nearly equal stress sweep parameters.
Some variations in the rheological measurements attributed the different magnitude of
force applied in the mechanical evaluation. Therefore, G* obtained for all samples exhibited
structure network which was not broken (Figure 3A–D). Similar outcomes were observed
when higher interactions of the strains upon fermentation of samples in comparison to
control [24]. Increased viscosity due to combination of inoculum strains has also been
attributed to significant rheological properties of the samples [34,35] which also favor
our finding.

3.4. Textural Characteristics

The results of texture profile analysis exhibited that starter cultures of probiotic strains
and their combination marked some crucial effects on the textural characteristics of fer-
mented soycurd in comparison to unfermented soymilk as control as shown in Table 3. A
special parameter for the assessment of textural measurement of soymilk “hardness” is
essential to determine the force compression [36]. The hardness (in grams) of the soycurd
ranged from 99.975 to 109.559. It may depend on the varying a single culture as well as
combinations of the cultures which mimic the action of jaw compression in comparison
to control soymilk (85.25). It has been reported previously that exopolysaccharide (EPS)
produced by probiotic strain bacteria increased water retention, viscosity, and interaction of
other components of soymilk which resulted in enhanced hardness of protein matrix in the
final product [37,38]. Likely, a combination of probiotic strains L. plantarum MTCC 25432
(BBC32B) and MTCC 25433 (BBC33) in this study showed significantly higher (109.559 g)
hardness in comparison to individual probiotic strains. The hardness (99.995 g) of the
sample fermented by L. plantarum MTCC25432 (BBC32B) was comparable to control unfer-
mented soymilk. The increased hardness of two strains in combination may be attributed
to molecular crosstalk between these that resulted into production of some hardening bioac-
tive components, and resultantly improved the texture of the final product. Noticeably, the
strain MTCC 25433 (BBC33) was earlier reported for exopolysaccharide production [20].
Other mechanisms responsible for gumminess in fermented soy-product reported as iso-
electric point of soy protein similar to casein protein in milk [39]. Glycinin protein of
soymilk has been accepted as a hexameric protein consisting five different subunits and
each subunit containing acidic and basic chains linked with disulfide bond [40] which
resulted in a tight and rigid structure during fermentation [39]. Therefore, higher gummi-
ness was found in the soycurd fermented with probiotic strains in comparison to control
(unfermented soymilk) (Table 3). The increased viscosity was found to be related to the im-
provement of texture which makes soyyoghurt susceptible to rearrangements its network,
shrinkage, and whey expulsion [41,42]. Texture measurements including adhesiveness,
cohesiveness, and springiness are also important for yoghurt structure [43]. Therefore,
all above mentioned parameters were measured for the soycurd samples fermented with
different probiotic strains and combination, which showed a significant correlation in the
outcomes. Average cohesiveness values (0.03 to 0.09) were recorded after fermentation
of soymilk to control unfermented soymilk (0.023). Adhesiveness is defined as the nega-
tive force required to remove the material adhered to the mouth during the first bite and
represented the work (gram second) necessary to pull the plunger away from the sample.
The adhesiveness of all the samples ranged from −4 to −51 gs indicated the significant
adhesive value of the fermented soymilk in comparison to control unfermented soymilk
(−63.52). These lower values are similar and well acceptable among the consumers as the
values reported by [44]. Similarly, springiness was observed in the range from 0.04 to 0.5
for different samples also determined the significantly and accepted product as structure
reforming product in comparison to control unfermented soymilk (0.035).



Fermentation 2021, 7, 47 8 of 16

Table 1. Rheological properties; Frequency sweep test indicated the eta (η) values among the pure cultures of L. rhamnosus GG (23902 Pa) followed by L. plantarum MTCC 25432 (BBC32B)
(2710.5), L. plantarum MTCC 25433 (BBC33) (1963.8 Pa) and combination of both L. plantarum MTCC 25432 (BBC32B) and MTCC 25433 (BBC33) (967.34 Pa) which indicated the probiotic
acceptability of the strains based on the rheology. The values are expressed as mean ± SEM of three independent experiments with significant difference (p < 0.0001).

Frequency Sweep Test

Strains Elastic/Storage Modulus G′

(Pa)
Viscous/Loss Modulus G”

(Pa)
Complex Modulus G*

(Pa)
Angular Frequency Deflection Angle Eta

(rad/s) (mrad) (η)

Control 2.68 × 102 1.48 × 102 6.75 × 102 0.628 7.68× 10−1 0.21456

L. rhamnosus GG 3.33 × 102 1.59 × 102 5.88 × 102 0.628 7.92 × 10−1 0 = 23,902

L. plantarumMTCC 25432
(BBC32B) 4.67 × 102 1.86 × 102 1.06 × 103 0.628 4.97 × 10−1 0 = 2710.5

L. plantarumMTCC 25433
(BBC33) 4.75 × 102 1.48 × 102 7.29 × 102 0.628 6.29 × 10−1 0 = 1963.8

L. plantarumMTCC 25432
(BBC32B) and MTCC

25433 (BBC33)
6.25 × 102 2.30 × 101 8.00 × 102 0.628 6.22 × 10−1 0 = 967.34



Fermentation 2021, 7, 47 9 of 16

Table 2. Rheological properties; Stress sweep test indicated the torque values among the pure cultures of L. plantarum MTCC
25432 (BBC32B) and MTCC 25433 (BBC33) (245) combination followed by L. rhamnosus GG (236), L. plantarum MTCC 25433
(BBC33) (214) and L. plantarumMTCC 25432 (BBC32B) (213) which indicated the probiotic acceptability of the strains based
on the rheology. The values are expressed as mean ± SEM of three independent experiments with significant difference
(p < 0.0001).

Stress Sweep Test

Strains Shear Rate Shear Stress Viscosity Speed Torque

Control 2.65 9.89 3.44 2.47 256

L. rhamnosus GG 2.53 9.64 3.81 2.42 236

L. plantarumMTCC 25432 (BBC32B) 2.52 8.69 3.45 2.41 213

L. plantarumMTCC 25433 (BBC33) 2.51 8.74 3.48 2.4 214

L. plantarumMTCC 25432 (BBC32B)
and MTCC 25433 (BBC33) 2.56 10 3.91 2.45 245
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Figure 3. Riboflavin estimation; (A), Chromatograms obtained after HPLC analysis of the unfer-
mented soymilk (a) and the soymilk fermented with L. rhamnosus GG (b), L. plantarum MTCC 25432
(BBC32B) (c), L. plantarumMTCC 25433 (BBC33) (d), and a combination of L. plantarum MTCC 25432
(BBC32B) and MTCC 25433 (BBC33) (e). (B), Significantly highest riboflavin production in the soymilk
fermented with a combination of L. plantarum MTCC 25432 (BBC32B) and MTCC 25433 (BBC33)
strains in comparison to other strain of L. plantarum MTCC 25432 (BBC32B) and L. plantarum MTCC
25433 (BBC33) in relation of riboflavin level in the soycurd fermented with L. rhamnosus GG and
unfermented soymilk. The values are expressed as mean ± SEM of three independent experiments
with significant difference (p < 0.0001) among all the pure cultures.
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Table 3. Textural analysis characteristics; Texture analysis parameters (Hardness, cohesiveness, adhesiveness and gummi-
ness) of the soycurd samples fermented with different probiotic strains and combination, showed a significant correlation
of the pure cultures of L. rhamnosus GG, L. plantarum MTCC 25432 (BBC32B), L. plantarum MTCC 25433 (BBC33) and
combination of L. plantarum MTCC 25432 (BBC32B) and MTCC 25433 which indicated the probiotic acceptability of these
strains. The values are expressed as mean ± SEM of three independent experiments with SD and significant difference
(p < 0.0001).

Texture Profile Analysis (TPA) of Fermented Soymilk

Cultures Hardness (g) Cohesiveness Adhesiveness (gs) Springiness Gumminess (g)

Control 85.25 0.023 −63.52 0.035 1.361

L. rhamnosus GG 101.623 0.032 −51.34 0.044 3.242

L. plantarumMTCC
25432 (BBC32B) 99.975 0.05 −4.897 0.265 5.028

L. plantarumMTCC
25433 (BBC33) 108.55 0.09 −6.515 0.131 9.801

L. plantarumMTCC
25432 (BBC32B) and

MTCC 25433 (BBC33)
109.559 0.057 −8.06 0.501 6.257

3.5. Riboflavin Estimation in Fermented Soycurd

Riboflavin estimation after bio-fortification by a different probiotic strain of the soy-
curd was done by HPLC and a significant difference (p < 0.0001) was noticed in riboflavin
production. The total riboflavin present in the samples was estimated using the peak
values obtained from the chromatogram obtained after HPLC analysis (Figure 3A). We
recorded the highest riboflavin production (342.11 µg/L) in the soymilk fermented with
a combination of L. plantarumMTCC 25432 (BBC32B) and MTCC 25433 (BBC33) strains,
in comparison to either of the strain, L. plantarumMTCC 25432 (BBC32B) (190.34 µg/L)
and L. plantarum MTCC 25433 (BBC33) (L195.25 µg/L). Interestingly, riboflavin level in the
soycurd fermented with L. rhamnosus GG was reduced from 119.64 µg/L (unfermented
control) to 87.89 µg/L (post-fermentation) (Figure 3B). Similar observations have earlier
been reported by Capozzi [45]. Previously, some studies have reported the fortification
of soymilk, but with low riboflavin levels [27]. Recently, Yepez [46] reported that fermen-
tation with L. plantrumCL725 doubled the riboflavin concentration of soymilk after 12 h
incubation at 37 ◦C. Another in situ fortification approach, using probiotic fermentation of
whole oat grains was reported using four probiotic strains of L. plantarum that improved
the nutritional values of fermented product. Depending on previously published and
current work, we claim that Lactobacillus strains can efficiently be used for the riboflavin
bio-enrichment of soymilk.

3.6. Antioxidant Property

Oxidative free radicals are the major cause of oxidative stress and mainly generated
by environmental factors and internal metabolism. These free radicals may lead to several
life-threatening chronic diseases, carcinogenesis, and cellular (DNA) damage [47,48]. Pro-
biotics strains were reported to produce a potential and emerging supply of antioxidants
which has been evaluated by testing using DPPH [20,49]. With this support, antioxida-
tive potential of the soycurd fermented either with the strain L. rhamnosus GG, L. plan-
tarumMTCC 25432 (BBC32B), L. plantarumMTCC 25433 (BBC33) and L. plantarumMTCC
25432 (BBC32B), and MTCC 25433 (BBC33) in combination was estimated with respect
to ascorbic acid as a positive control. The significantly higher (p < 0.05) scavenging activ-
ity was recorded for fermented soycurd in comparison to control unfermented soymilk
(Figure 4) with all the tested strains. However, the samples (supernatant of fermented
soymilk) showed the highest antioxidant potential. As supported with the previous re-
port on a folate-producing Lactobacillus strain, cell-free supernatant of probiotic strains
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exhibited significantly (p < 0.0001) higher scavenging activity [50]. Recently, Levit and his
team [51] reported L. plantarum strain as higher riboflavin producing strains and its deriva-
tive form (FAD) showed oxidation-quenching properties [52] which could be considered as
a probiotic strain for future in vivo trials on riboflavin deficiency.
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Figure 4. Antioxidant attribute; Significantly higher antioxidative potential of the soycurd fermented
with the strain L. rhamnosus GG, L. plantarum MTCC 25432 (BBC32B), L. plantarum MTCC 25433
(BBC33) and L. plantarum MTCC 25432 (BBC32B) and MTCC 25433 (BBC33) combination in relation
to ascorbic acid as a positive control and unfermented soymilk as negative control. The values are
expressed as mean ± SEM of three independent experiments with significant difference (p < 0.05).

3.7. Antibacterial Activities

Inhibition of the growth of pathogenic strains may occur due to the direct involve-
ment of antimicrobial agents and/or organic acids produced during fermentation [53].
Therefore, antimicrobial bioactive peptides were identified after LC-MS/MS analysis of
the soymilk fermented with Lactobacillus plantarum C2 which indicated the production
of antimicrobial peptides produced from soymilk protein after fermentation [54]. On the
same line, antibacterial activity of the fermented soycurd exhibited the growth inhibition of
tested pathogenic indicators in correlation with unfermented soymilk as control (Table 4).
The highest antibacterial activity was noticed with the soymilk fermented by L. plantarum
MTCC 25432 (BBC32B) followed by L. plantarum BBCC and combination of L. plantarum
MTCC 25432 (BBC32B) and MTCC 25433 (BBC33) against Staphylococcus aureus ATCC
6538, Enterococcus faecalis ATCC 14506, Escherichia coli ATCC 11775, Pseudomonas aeruginosa
ATCC 27853, Salmonella enterica ATCC 13076 and Klebsiella pneumoniae ATCC 13883 in
comparison to control (unfermented soymilk). While, strain L. rhamnosus GG did not
show any antimicrobial effect against any pathogen, owing to its low potential of soymilk
fermentation reported earlier in growth experiments (Table 4). Similarly, some previous
studies support our outcomes where L. plantarum strains were able to produce some antimi-
crobial compounds [55]. Mishra and coworkers [56] reported the antibacterial activity of
flavored fermented soymilk against pathogenic strains E. coli, B. subtilis, L. monocytogenes,
S. typhi, and S. aureus, while unfermented soymilk control did not show any inhibition.
Antimicrobial activities of the cell-free supernatants of fermented soymilks have also been
reported by Hati [57] against B. subtilis and E. coli strains upto three days of storage.
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Table 4. Size of zone of inhibition (mm)

Strains S. aureus
ATCC 6538

E. faecalis
ATCC 14506

E. coli
ATCC 11775

Klebsiella
pneumoniae ATCC 13883

Pseudomonas
aeruginosa ATCC 27853

Salmonella enterica
ATCC 13076

Control 0 0 0 0 0 0

L. rhamnosus GG 0 0 0 0 0 0

L. plantarumMTCC 25432 (BBC32B) 10 17 11 9 13 9

L. plantarumMTCC 25433 (BBC33) 13 18 13 11 14 8

L. plantarumMTCC 25432 (BBC32B)
and MTCC 25433 (BBC33) 15 20 14 11 15 12
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3.8. Sensory Evaluation

The response sheets from fifteen panelists summed up to get the outcomes of sensory
scores for quality attributes of the soycurd fermented with different probiotic strains. The
sensory quality attributes of fermented soycurd were ranked as 1, 2, 3, 4 and 5 for “not
satisfactory,” “fair,” “good,” “very good,” and “excellent” respectively. As per the sensory
scores calculated by fuzzy logic, the highest values were recorded under the “good” and
“very good” category as shown in Table 5. This implied the overall quality of the fermented
soymilk samples. The order of the samples was sequenced as followed; soymilk fermented
with L. plantarum MTCC 25432 (BBC32B) (excellent) <L. plantarum MTCC 25433 (BBC33)
(very good) <L. plantarum MTCC 25432 (BBC32B) and L. plantarum MTCC 25433 (BBC33)
(very good) <L. rhamnosus GG (satisfactory). A previous report on litchi juice quality
attributes support our outcomes where quality of litchi juice was selected and calculated
based on the fuzzy logic and overall scores for quality attributes of litchi juice were noticed
as followed; taste > color > aroma >mouthfeel [58]. Similarly, in 2017, Vranac [59] reported
the sensory evaluation score of apple juice.

Table 5. Sensory scores of the soycurd produced by different probiotics.

Sensory Attributes of Fermented
Soymilk Samples Probiotic Strains

Sensory Scale Factor
Not Satisfactory Fair Good Very Good Excellent

Colour

L. rhamnosus GG 0 0 7 7 1

L. plantarumMTCC 25432
(BBC32B) 0 0 6 8 1

L. plantarumMTCC 25433
(BBC33) 0 0 5 10 0

L. plantarum
MTCC 25432 (BBC32B) and

MTCC 25433 (BBC33)
0 0 5 9 1

TasteAroma

L. rhamnosus GG 2 0 6 6 0

L. plantarumMTCC 25432
(BBC32B) 0 2 8 5 0

L. plantarumMTCC 25433
(BBC33) 0 2 5 7 1

L. plantarum
MTCC 25432 (BBC32B) and

MTCC 25433 (BBC33)
0 1 7 7 0

L. rhamnosus GG 2 2 5 6 0

L. plantarumMTCC 25432
(BBC32B) 0 3 4 7 1

L. plantarumMTCC 25433
(BBC33) 1 2 7 4 1

L. plantarum
MTCC 25432 (BBC32B) and

MTCC 25433 (BBC33)
0 1 6 8 0

Mouth feel

L. rhamnosus GG 2 1 7 5 0

L. plantarumMTCC 25432
(BBC32B) 0 3 2 9 1

L. plantarumMTCC 25433
(BBC33) 0 3 3 9 0

L. plantarum
MTCC 25432 (BBC32B) and

MTCC 25433 (BBC33)
0 1 5 8 1
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4. Conclusions

It is important that some non-dairy mediums, which support the growth and survival
of cultures, are explored for the delivery of probiotic organisms. Based on the outcomes
from the current study, we infer that selected strains of L. plantarum were found to be
suitable for the fermentation of soymilk and to produce some essential biofunctional com-
ponent such as riboflavin during fermentation. The functional activities like antibacterial
and antioxidative activities of fermented soycurd may add value to product and these
could be due to production and cumulative effect of specific bioactive components in
comparison to unfermented soymilk. Therefore, these selected strains of L. plantarum may
be used for the development of health beneficial fermented soymilk product. The best
possible conditions for development of functional soy-product were researched that maybe
followed for future development of such a product on a pilot scale. The survivability
of the probiotic lactobacilli during fermentation and acceptable textural and rheological
properties showed that soymilk, which otherwise be considered an unusual medium for
lactobacilli growth, may potentially be used to develop a fermented functional soy product.
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