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Abstract. Tofu is a traditional food that can be found in several countries, such
as Indonesia and Japan. Tofu is often made using the backslopping method,
which brings the risk of pathogenic microorganism contamination and can lead
to failure in production. Standardization of the production process is necessary in
order to yield highly nutritious tofu that is safe to be consumed. In this research,
standardization was investigated by variation of the inoculum percentages and
ratios of Lactobacillus plantarum (a), Lactobacillus acidophilus (b), and
Leuconostoc mesenteroides (c). The inoculum percentages used in this research
were 7.5%, 10%, and 12.5%, while the inoculum ratios between a, b, and c were
(a:b:c) 2:1:1; 1:2:1; 1:1:2; and 1:1:1. The optimum inoculum ages for a, b, and c
were 8, 6, and 2 hours respectively. The highest growth rates of a, b, and c were
0.060h-1, 0.054h-1, and 0.092h-1 respectively. The highest lactic acid production
rates of a, b, and c were 0.072%h-1, 0.063%h-1, and 0.126%h-1 respectively. The
inoculum percentage and ratio that produced the highest isoflavones content was
12.5%(2:1:1), with the highest bacterial population growth rate being 0.019h-1,
the highest formation rate of lactic acid being 0.045%h-1, and the isoflavone
aglycones level being 0.445 mg/mL.
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1

Introduction

Tofu is traditional food which has a high nutritional content. The texture, flavor,
and aroma of tofu make it well appreciated by society. Some of the nutrients
contained in tofu are carbohydrates, fat, protein, calcium, iron, and sodium [1].
The main ingredient of tofu is soymilk. The manufacturing process can be
carried out with the addition of vinegar or with the back slopping method,
which involves the addition of tofu whey.
Lactic acid bacteria produce lactic acid during fermentation from carbohydrate
breakdown and they can perform proteolysis, which breaks down proteins into
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simpler compounds that are easier to digest, such as amino acids [2]. Lactic acid
bacteria are widely used, especially in the food industry, because they fall under
the category of Generally Recognized as Safe (GRAS), which indicates that
food products processed using lactic acid bacteria are safe for consumption.
They are also used to give texture, taste, aroma, and content of nutrients to
fermented foods [3]. The use of lactic acid bacteria with suitable inoculum
percentages and ratios can produce tofu with the desired texture, taste, aroma,
and content of nutrients.
One of the advantages of using fermentation by lactic acid bacteria to produce
tofu is the production of isoflavones by the lactic acid bacteria. Isoflavones have
similarities with the estrogen hormone. Estrogen is produced primarily in the
ovary and in the adrenal cortex in the kidneys. This hormone is needed for the
normal growth and maintenance of the body in adults. In women, in addition to
its function in the reproductive system, this hormone plays a role in the process
of bone formation [4]. We hypothesized that fermentation using lactic acid
bacteria could increase the isoflavone aglycones content in tofu.
Fermented soy products are a potential source of isoflavones and their
consumption may contribute to reduction in the rates of coronary heart diseases,
atherosclerosis, type 2 diabetes, and particular types of carcinogenesis [5].
Recent studies have shown that phytochemicals in soy are responsible for
prevention of osteoporosis, a hereditary chronic nose blood syndrome, and
autoimmune diseases [6]. Therefore it is more advisable to consume soybeans
after having undergone fermentation [7]. Isoflavones can be found in soybeans
in the form of glycosides, such as genistin and daidzin. Lactic acid bacteria
produce the β-glucosidase enzyme, which is involved in the conversion of
isoflavone glycosides into isoflavone aglycones [8]. Lactobacillus plantarum is
known to be able to express this enzyme [9] and as the lactic acid bacteria that
is most ideal for use in the isoflavones conversion process [10]. Lactobacillus
acidophilus also produces the same enzyme [10], while Leuconostoc
mesenteroides can produce the same enzyme when it is grown in media
containing arbutin [11]. Isoflavone glycosides are hardly absorbed in the small
intestine compared to isoflavone aglycones, because they have a larger
molecular weight and more hydrophilic properties. Daidzin and genistin are also
less active in comparison with daidzein and genistein (aglycone form of daidzin
and genistin) [5].
This research aimed to produce tofu with a high isoflavone content through a
fermentation process using lactic acid bacteria. The lactic acid bacteria used
were: Lactobacillus plantarum, Lactobacillus acidophilus, and Leuconostoc
mesenteroides. Optimization of the fermentation process was investigated by
applying variations of inoculums percentage and ratios. The best inoculums
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variation was determined by the highest amount of isoflavone aglycones
(daidzein and genistein) in the tofu produced through fermentation.

2

Materials and Methods

2.1

Lactic Acid Bacteria

The lactic acid bacteria (Lactobacillus plantarum, Lactobacillus acidophilus,
and Leuconostoc mesenteroides) used in this research were obtained from the
microbiology laboratory, School of Life Sciences and Technology, Institut
Teknologi Bandung, and were identified by biochemical testing.

2.2

Optimum Inoculum Age Determination

Determination of the optimum inoculum age was done by generating growth
curves. Lactobacillus plantarum, Lactobacillus acidophilus, and Leuconostoc
mesenteroides were inoculated into MRSB media and then incubated at room
temperature to activate the bacteria. After 24 hours, each of the bacteria
cultures, with a density of 106 CFU/mL, was inoculated into a 27 mL soymilk
medium and then incubated for 24 hours at 37°C.
Samples were taken every two hours. A 0.1 mL sample was inoculated into an
MRSA medium using the spread method to determine the bacterial amount
[12]. The acidity levels (pH) of the samples were measured with a pH meter,
while determination of the lactic acid concentrations was done by acid-base
titration. For titration, a 5 mL sample was mixed with 10 mL de-ion and 5 drops
of phenolphthalein and then titrated using 0.1 M NaOH. The growth curves
were obtained by plotting time (x axis) against the log of cell numbers (y axis).
The age of the inoculum was optimum when the bacteria were at their µmax,
which was approximately at half of their log phase.

2.3

Optimization of Fermentation Process

Inoculum preparation was conducted by inoculating the soymilk medium with
10% (v/v) of active bacteria with a density of 106 CFU/mL and then incubating
it in accordance with each optimum inoculum age at 37°C. The inoculum
percentages and ratios were then varied and inoculated into new soy milk media
with a density of 106 CFU/mL. The inoculum percentages used in this research
were 7.5%, 10%, and 12.5% (v/v), while the inoculum ratios were 1:1:1, 2:1:1,
1:2:1 and 1:1:2 (Lactobacillus plantarum : Lactobacillus acidophilus :
Leuconostoc mesenteroides). The fermentation process was conducted in 8
hours. Every 2 hours a sample was taken to measure the total bacterial amount
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through total plate count, pH with a pH meter, and lactic acid concentration
through acid-base titration.

2.4

Isoflavones Extraction and Detection using HPLC

Isoflavone aglycones measurement was conducted on all optimization
variations. Tofu isoflavone aglycones measurement was done by taking a 3 mL
sample and transferring it into a tube and then extracting it with 12 mL
methanol. The sample was stirred for 24 hours at room temperature. The
insoluble residue was separated by centrifugation with a speed of 8000 rpm at
25°C for 10 minutes and then filtrated with Whatman No. 1 filter paper. The
supernatant (12 mL) was evaporated using a rotary evaporator until 1 mL
solution was obtained, which was then filtered with a 1 mL syringe filter (0.2
µm) for analysis through high performance liquid column chromatography
(HPLC). The motion phase used was A solution (H2O : acetic acid = 3:97) and
B solution (methanol : acetic acid = 97:3) with a flow velocity of 1 mL/minute.
The sample (10 µL) was injected into the column (C18, 30 cm) and the
isoflavones were separated through the system with an elution gradient system
(0% A : 100% B for 5 minutes followed by 100% A : 0% B for 50 minutes and
then 0% A : 100% B for 5 minutes). The isoflavones level was monitored using
a UV-Vis detector with a wavelength of 260 [13].

3

Results and Discussion

3.1

Optimum Inoculum Age of Lactobacillus plantarum,
Lactobacillus acidophilus, and Leuconostocc mesenteroides

The optimum inoculum ages of Lactobacillus plantarum, Lactobacillus
acidophilus, and Leuconostoc mesenteroides were determined through growth
curves (Figure 1). The optimum inoculum ages of Lactobacillus plantarum,

A

B

Figure 1 Growth curves of Lactobacillus plantarum (A), Lactobacillus
acidophilus (B), and Leuconostoc mesenteroides (C) in soymilk medium;
incubated for 24 hours; without agitation; at 37°C.
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Figure 1 Continued. Growth curves of Lactobacillus plantarum (A),
Lactobacillus acidophilus (B), and Leuconostoc mesenteroides (C) in soymilk
medium; incubated for 24 hours; without agitation; at 37°C.

Lactobacillus acidophilus, and Leuconostoc mesenteroides were 8 hours, 6
hours, and 2 hours respectively. The highest growth rates (µ) of L. plantarum,
L. acidophilus, and L. mesenteroides in soymilk medium were 0.060 h-1, 0.054
h-1, and 0.092 h-1 respectively. The highest lactic acid production rates of L.
plantarum, L. acidophilus, and L. mesenteroides in soymilk medium were
0.072%h-1, 0.063%h-1, and 0.126%h-1 respectively.

3.2

Optimization of Tofu Fermentation Using 7.5% Inoculum

During the optimization process using 7.5% inoculum, the bacterial amount
increased during fermentation. The highest bacterial population growth rate
during optimization with 7.5% inoculum (Figure 2A) was 0.094 h-1. This value
was obtained using Lactobacillus plantarum, Lactobacillus acidophilus, and
Leuconostoc mesenteroides in a proportion of 2:1:1. The highest specific
growth rates with the use of single cultures of Lactobacillus plantarum,
Lactobacillus acidophilus, and Leuconostoc mesenteroides were 0.060 h-1,
0.054 h-1, and 0.092 h-1 respectively. The results show that the use of a mixed
culture increased the bacterial population growth rate compared with the use of
a single culture.
All variations of ratios using 7.5% inoculum (Figure 2B) showed a pH decrease
during fermentation, which lasted for 8 hours. The decrease in pH may have
been caused by acid production by Lactobacillus plantarum, Lactobacillus
acidophilus, and Leuconostoc mesenteroides. The decline in pH for each ratio
showed no significant difference. The pH for each ratio did not differ
significantly after 8 hours of fermentation, but after the first 6 hours of
fermentation it could be seen that the pH decreased more quickly when using
the mixed culture with a ratio of 1:1:1 (L. plantarum : L. acidophilus : L.
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mesenteroides) with a pH value of 4.97. The lowest pH after 8 hours of
fermentation was 4.83, which was obtained using Lactobacillus plantarum,
Lactobacillus acidophilus, and Leuconostoc mesenteroides in a ratio of 2:1:1.
The highest production rate of lactic acid (Figure 2C) using 7.5% inoculum was
0.045%h-1. This result was obtained using the mixed culture with a ratio of
1:1:1 (L. plantarum : L. acidophilus : L. mesenteroides).

A

B

C

D

Figure 2 Optimization using 7.5% inoculum; with the total amount of bacteria
(A), pH (B), lactic acid (C), and isoflavone aglycones (daidzein + genistein) (D)
changes during 8 hours of fermentation. The inoculum proportions between L.
plantarum, L. acidophilus, and L. mesenteroides were 1:1:1, 2:1:1, 1:2:1, and
1:1:2.

The highest concentration of isoflavone aglycones (daidzein and genistein) with
the 7.5% inoculum (Figure 2D) was obtained through the mixed culture with a
ratio of 1:2:1 (L. plantarum : L. acidophilus : L. mesenteroides), with a value of
0.316 mg/mL. This ratio first showed a decrease in the amount of isoflavone
aglycones, after which it increased significantly from the 4th to the 8th hour. The
increase in isoflavone aglycones concentration may have been caused by the
formation of daidzein and genistein by the β-glucosidase enzyme produced by
the lactic acid bacteria [8], while the decrease in isoflavone aglycones
concentration may have been caused by a cell mechanism that converts
genistein into other compounds, so it doesn’t disturb cell division [14]. The high
concentration of isoflavones aglycones after eight hours of fermentation may
have been caused by the high enzymatic activity of the β-glucosidase enzyme.
The concentrations of isoflavone aglycones using mixed cultures with a ratio of
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1:1:1, 2:1:1, and 1:1:2 were 0.271 mg/mL, 0.212 mg/mL, and 0.273 mg/mL
respectively.

3.3

Optimization of Tofu Fermentation Using 10% Inoculum

B

A

C

B

D

Figure 3 Optimization using 10% inoculum; with the total amount of bacteria
(A), pH (B), lactic acid (C), and isoflavone aglycones (daidzein + genistein) (D)
changes during 8 hours of fermentation. The inoculum proportions between L.
plantarum, L. acidophilus, and L. mesenteroides were 1:1:1, 2:1:1, 1:2:1, and
1:1:2.

During the optimization process using 10% inoculum (Figure 3A), all variations
indicated an increase in the number of bacteria during fermentation. Almost all
of the ratios showed the bacterial amount increase until the 4th hour, then it
remained stable until the 6th hour, after which it rose again. The highest
bacterial population growth rate with optimization using 10% inoculum (Figure
3A) was 0.078 h-1. This result was obtained with ratio 2:1:1 (L. plantarum : L.
acidophilus : L. mesenteroides), while the values of the highest specific growth
rate of L. plantarum, L. acidophilus, and L. mesenteroides with the use of a
single culture were 0.060 h--1, 0.054 h-1, and 0.092 h-1 respectively. The lower
bacterial growth rate using a mixed culture may have been caused by an
antagonistic interaction between the lactic acid bacteria. This may have been
caused by the production of an anti-bacterial peptide by L. mesenteroides [15].
All variations of ratios using 10% inoculum showed a decrease in pH and an
increase of the lactic acid concentration during the fermentation process. The
lowest pH value after fermentation (Figure 3B) was retrieved from ratio 1:1:2
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(L. plantarum : L. acidophilus : L. mesenteroides) with a pH value of 4.77. The
highest pH value was indicated by ratio 2:1:1 with a pH value of 4.88. This
result is in accordance with the rate of production of lactic acid during the
fermentation process (Figure 3C). The mixed-cultures ratio 1:1:2 (L. plantarum
: L. acidophilus : L. mesenteroides) showed the highest lactic acid production
rate with a value of 0.045 %h-1, while ratio 2:1:1 showed the lowest lactic acid
production rate with a value of 0.027 %h-1.
The highest concentration of isoflavone aglycones (daidzein and genistein) with
the use of 10% inoculum (Figure 3D) was indicated by ratio 1:1:1 (L. plantarum
: L. acidophilus : L. mesenteroides) with a value of 0.381 mg/mL. This first
showed an increase in isoflavone aglycones, after which it decreased
significantly from the 4th to the 8th hour. The increase in the isoflavone
aglycones concentration may have been caused by the formation of daidzein
and genistein by the β-glucosidase enzyme produced by the lactic acid bacteria
[8], while the decrease in the isoflavone aglycones concentration may have been
caused by a cell mechanism converting genistein to other compounds so it
doesn’t disturb cell division [14]. The isoflavone aglycones concentrations with
ratios 2:1:1, 1:2:1 and 1:2:1 (L. plantarum : L. acidophilus : L. mesenteroides)
were 0.331 mg/mL, 0.201 mg/mL, and 0.135 mg/mL respectively.

3.4

Optimization of Tofu Fermentation Using 12.5% Inoculum

The use of 12.5% inoculum (Figure 4A) showed that ratios 1:1:1 and 1:1:2 (L.
plantarum : L. acidophilus : L. mesenteroides) had a log phase, which means
that the bacteria needed to adapt in the medium first. Ratios 1:1:1 (during the 4th
hour) and 1:2:1 (during the 6th hour) showed a decrease in the bacterial amount.
This may have been caused by the decline of the carbon source in the medium,
in which case the bacteria needed to activate the enzyme to break down more
complex carbon sources. The increased amount of bacteria after that may have
been caused by activation of a bacterial enzyme that can be used to break down
complex carbon sources in the medium.
The highest bacterial population growth rate using the 12.5% inoculum (Figure
4A) was 0.048 h-1. This result was obtained using ratio 1:1:2 (L. plantarum : L.
acidophilus : L. mesenteroides). The highest values of the specific growth rates
of L. plantarum, L. acidophilus, and L. mesenteroides using single cultures were
0.060 h-1, 0.054 h-1 and 0.092 h-1 respectively. The growth rate values using
mixed cultures were lower compared to when using single cultures. Most likely,
the use of 12.5% inoculum led to an antagonistic interaction between the lactic
acid bacteria.
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All of the ratios when using the addition of 12.5% inoculum showed a decrease
of pH (Figure 4B) and an increase of lactic acid concentration during
fermentation (Figure 4C). The changes in pH for each ratio did not show a
significant difference during the fermentation process. The lowest pH value,
indicated by ratio 1:2:1 (L. plantarum : L. acidophilus : L. mesenteroides), was
4.78, while the highest rate of lactic acid production was shown by ratio 1:1:2
with a value of 0.054%h-1. The highest rate of lactic acid production with the
use of a single culture was obtained using L. mesenteroides, in which case the
lactic acid production rate reached 0.126%h-1, while the rate of lactic acid
formation by a single culture of L. plantarum and L. acidophilus were 0.072%h1
and 0.063%h-1. The addition of more L. mesenteroides (ratio 1:1:2) most likely
caused the higher lactic acid production rates for that ratio.

A

B

C

D

Figure 4 Optimization using 12.5% inoculum; with the total amount of bacteria
(A), pH (B), lactic acid (C), and isoflavone aglycones (daidzein + genistein) (D)
changes during 8 hours of fermentation. The inoculum proportions between L.
plantarum, L. acidophilus, and L. mesenteroides were 1:1:1, 2:1:1, 1:2:1, and
1:1:2.

Ratio 2:1:1 (L. plantarum : L. acidophilus : L. mesenteroides) showed the
highest isoflavone aglycones (daidzein and genistein) concentration after eight
hours of fermentation (Figure 4D). This ratio showed an increase of isoflavone
aglycones during fermentation. This increase may have been caused by
formation of daidzein and genistein by the β-glucosidase enzyme produced by
the lactic acid bacteria [8]. The amount of isoflavone aglycones using ratio
2:1:1 was even higher compared to the other ratios at any percentage variation.
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The highest concentration of isoflavone aglycones using ratio 2:1:1 was 0.445
mg/mL. A previous study [13] has shown that tofu made using Lactobacillus
plantarum produced 0.04124 mg/mL isoflavones aglycones. This shows that the
use of a mixed culture of lactic acid bacteria may enhance the isoflavone
aglycones concentration in tofu.

4

Conclusion

After measurement of the isoflavone aglycones concentration it can be inferred
that the variation which gave the highest isoflavone aglycones content in tofu
was 12.5% (2:1:1) (L. plantarum : L. acidophilus : L. mesenteroides). The
highest bacterial population growth rate, the highest lactic acid production rate,
and concentration of isoflavones aglycones (daidzein and genistein) obtained
with this variation were 0.019 h-1, 0.045%h-1, and 0.445 mg/mL respectively.
For further study, we recommend to use the fermentation time as an additional
parameter to produce tofu with a high isoflavones content and it may be better
to include measurement of the activity of the β-glucosidase enzyme, which is
known to have a role in isoflavone aglycones conversion. We also recommend
the use of metabolomic analysis in further research to gain more insight into
isoflavone aglycone production in tofu.
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