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Abstract: Lactic acid bacteria are widely used because they produce lactic acid naturally, are resistant
to acidic pH and a wide temperature range, and frequently produce lactic acid as a primary metabolite.
In this study, Enterococcus durans isolated from buffalo milk was employed in lactic acid fermentation
with the primary goal of obtaining fermentation parameters for an effective process enabling the use
of lactose as an alternative carbon source. Fermentative parameters such as initial concentration of
carbon source, dissolved oxygen concentration, cell recycling, and batch with pulse operation mode
were studied to find the best conditions for L-(+)-lactic acid production. The association of 20 g·L−1

of lactose with 10 g·L−1 of glucose enabled the best bioconversion to lactic acid. Anaerobiosis did not
contribute to increasing lactic acid production. Batch fermentation with cell recycling was the strategy
that enhanced lactic acid production and lactose consumption, reaching 26.07 g·L−1, 0.36 g·L−1·h−1

of productivity and yielding about 0.86 g·g−1. It is fundamental to evaluate the parameters of lactic
acid fermentation and provide efficient and sustainable production methods.

Keywords: lactic acid; Enterococcus durans; fermentation process; cell recycling

1. Introduction

Lactic acid is a carboxylic acid with many applications in the food, chemical, pharma-
ceutical, and polymer industries. According to Markets and Markets, the global lactic acid
market is expected to be worth USD 2.1 billion by 2025. The global PLA market is expected
to be worth USD 1756 million by 2025 [1]. One of the most common methods of obtaining
lactic acid is fermentation. Several carbon sources, microorganisms, and fermentation
processes are being researched to optimize its production [2].

Lactic acid is widely used in the polymer industry as a building block because it can
be chemically modified and used as a monomeric unit to produce poly(lactic acid) (PLA)
and its derivatives [3]. Furthermore, plastics derived from petroleum have accumulated
waste in the environment with long decay times. Another disadvantage of fossil-based
plastic materials is their reliance on non-renewable raw materials [4,5]. It can be used to
synthesize poly(lactic acid) (PLA), a polymer that can replace petrochemical-derived plastic
products. Those polymers may have a shorter degradation rate than petrochemicals, and
their monomer lactic acid can be obtained through the microbial fermentation of renewable
resources. In addition, lactic acid can be used in acrylate production from dehydrating
using zeolites and hydroxyapatite as catalysts, reducing the dependence on petrochemical
sources to create acrylate-based monomers, which is another significant application of lactic
acid [6–8].

Fermentative processes can produce D(−) or L(+) lactic acid isomers. The enantiomers
are produced in bacterial cells by the enzymes L(+) or D(−) lactate dehydrogenase (nLDH).
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When only one product is produced throughout the fermentation process, the pathway
is homofermentative; when more than one product is generated during bioconversion,
the pathway is heterofermentative. The fermentation parameters are determinants of
the production of compounds of interest; among the conditions that can be changed are
substrate concentration, pH, and temperature [9]. LA with optical purity as the only
product formed is desirable. The lactic acid purification procedure would be facilitated,
and competition for the carbon source would be avoided by the production of just one of
the isomers [10].

Lactic acid bacteria (LAB), which are commonly used in LA fermentation, are selective
for carbon and nitrogen sources [11]. Homofermentative LAB includes Streptococcus, Lacto-
coccus, Enterococcus, Pediococcus, and some Lactobacillus [12]. Enterococcus is a Gram-positive,
non-spore-forming cocci that belongs to the lactic acid bacteria group. They are extremely
important in terms of food fermentation or deterioration. [13,14]. Table 1 shows examples
of microorganisms capable of producing lactic acid from different substrates.

Table 1. Lactic acid production via fermentation from various sources.

Organism Source Fermentation
Strategies

Lactic Acid
(g·L−1)

Yield
(g·g−1) Reference

Lactococcus lactis subs lactis Glucose Batch 35.0 0.45 Cock [15]

Lactobacillus casei Lactose Batch 33.73 0.88 Panesar [16]

Enterococcus faecium Glucose Batch 18 0.9 Pessione [17]

Enterococcus faecium Fructose Batch 18 0.9 Pessione [17]

Enterococcus faecium Cellobiose Batch 13.5 0.71 Pessione [17]

Enterococcus faecium Xylose Batch 4.5 0.27 Pessione [17]

Lactobacillus sp. TERI-D3 Sucrose Batch 19.4 0.86 Verma [18]

Lactobacillus sp. TERI-D3 Galactose Batch 15.8 0.8 Verma [18]

Lactobacillus sp. TERI-D3 Lactose Batch 18.1 0.9 Verma [18]

Lactobacillus sp. TERI-D3 Glucose Batch 17.5 0.9 Verma [18]

Weissella paramesenteroides Glucose Batch 20 0.68 Nagarajan [19]

Enterococcus faecalis Glycerol Fed-batch 55.3 0.99 Murakami [20]

Enterococcus faecalis Waste plywood chips Batch 92 0.92 Yuan [21]

Enterococcus durans BP130 Food waste Batch 28.8 0.85 Hassan [22]

The homofermentative LAB generally uses hexose and pentose sugars via the Embden–
Meyerhof pathway (glycolysis and pentose phosphate pathway). For hetero-lactic acid
metabolism, disaccharides, monosaccharide hexoses and monosaccharides pentoses are
able to be metabolized by LAB via the Embden–Meyerhof–Parnas (EMP) pathway and the
pentose phosphoketolase (PK) pathway, as shown in Figure 1 [12]. Table 1 shows some
examples of microorganisms capable of producing lactic acid and the carbon source used
in each fermentation.

Most strains of LAB enterococci isolated from milk are homofermentative [13,23].
E. faecium [17] and E. faecalis [20,21] have been investigated for lactic acid production from
various substrates. Enterococcus durans can produce chemicals of technological relevance that
have already been documented in the literature, such as probiotic and antioxidant capacity
and antifungal and antimicrobial capacity [23–28].
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Figure 1. Pathways of lactic acid production. A route: D-tagatose 6-phosphate pathway. B route: 
pentose phosphoketolase (PK) pathway for hetero-lactic acid metabolism. C route: Embden–
Meyerhof–Parnas (EMP) pathway for homo-lactic acid metabolism. D route: glycolysis pathway 
[12]. 
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consumption as an alternative carbon source, aiming at the possibility of fermentations 
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Figure 1. Pathways of lactic acid production. A route: D-tagatose 6-phosphate pathway. B route: pen-
tose phosphoketolase (PK) pathway for hetero-lactic acid metabolism. C route: Embden–Meyerhof–
Parnas (EMP) pathway for homo-lactic acid metabolism. D route: glycolysis pathway [12].

Several agro-industrial wastes have previously been investigated as fermentative
substrates [21,22]. Whey, which contains lactose, is one example of a residue used as a
carbon source in lactic acid production. We evaluated the bioconversion of lactose to lactic
acid to determine if it might be possible to employ agro-industrial wastes obtained from
the milk industry as a substrate. The strategy of reusing dairy waste is important in the
context of the circular economy and has the potential to valorize cheese industry waste.
Several studies have indicated that the use of waste, such as cheese whey, is achievable
since it contains carbohydrates, primarily lactose [29–31].

Despite having great potential to produce lactic acid as the only metabolite with
optical purity and high yields, there are few studies that use E. durans to produce lactic
acid via fermentation. In this situation, the purpose of the study was to evaluate bacterial
strains isolated from buffalo milk in the conversion of lactose into L-(+)-lactic acid with
100% optical purity without the need for genetic modification. The main objective of this
research is to investigate the potential of producing lactic acid from lactose efficiently,
aiming to use agro-industrial waste as a substrate. Parameters such as initial concentration
of carbon source, dissolved oxygen concentration, cell recycling, and pH control were
studied to find the best conditions for L-(+)-lactic acid production and lactose consumption
as an alternative carbon source, aiming at the possibility of fermentations with whey as
a substrate.

2. Materials and Methods
2.1. Media and Culture Conditions

The strain used in this study was E. durans, isolated from buffalo milk. Potential bacte-
ria were isolated from milk samples collected between September 2017 and February 2018
from a dairy located in Brasília—Distrito Federal (Brazil). The bacteria were characterized
and stored in glycerol at 30% at −80 ◦C until carrying out the experiments. Fermenta-
tions were carried out with lactose and glucose as sources of carbon. The E. durans strains’
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inoculum procedure was conducted at 30 ◦C in Man–Rogosa–Sharpe (MRS) broth: the
commercial MRS broth (Merck KGaA, Darmstadt, Germany) containing 10 g·L−1 of pep-
tone, 2 g·L−1 of dipotassium phosphate, 0.5 g·L−1 of manganese sulfate, 5 g·L−1 of sodium
acetate, 4 g·L−1 of yeast extract, 0.2 g·L−1 of magnesium sulfate, 8 g·L−1 of beef extract,
1 g·L−1 of Tween 80, 2 g·L−1 of ammonium citrate dibasic, and 20 g·L−1 of glucose. The
MRS was modified and supplemented with glucose and lactose at different concentrations.

Cultivations were carried out in a 125 mL Erlenmeyer flask containing 50 mL of
medium incubated at 30 ◦C in an orbital shaker at 180 rpm for 24 h (commercial MRS) or
72 h (modified MRS with 20 g·L−1 of lactose and 10 g·L−1 of glucose). The seed culture
was inoculated into bioreactors for L-lactic acid production.

2.2. Cell Growth Profile in Liquid Medium

To obtain the cell growth profile, fermentation was carried out in 50 mL tubes contain-
ing 30 mL of commercial MRS medium. The cell growth was followed for 72 h in a rotating
shaker at 30 ◦C and 180 rpm. Aliquots were taken every 4 h to measure the optical density.

2.3. Lactic Acid Production at Two Different Substrate Concentrations

To study the effects of initial substrate concentration, batch fermentations were con-
ducted at 30 ◦C in a 1 L bioreactor at 180 rpm (Eppendorf, Dasgip Bioblock, Hamburg,
Germany) containing 600 mL of modified MRS with a pH corrected to 7.0 with potassium
phosphate buffer. Two conditions were studied: (1) 40 g·L−1 of lactose and 10 g·L−1 of
glucose; (2) 20 g·L−1 of lactose and 10 g·L−1 of glucose.

2.4. Lactic Acid Production under Anaerobic Conditions

The anaerobiosis purging with N2 for the removal of dissolved oxygen was also
studied. Fermentations were carried out in a 1 L bioreactor with 600 mL of buffered
modified MRS medium (potassium phosphate, pH 6.0) supplemented with 10 g·L−1 of
lactose and 10 g·L−1 of glucose at 30 ◦C and 180 rpm and 0.8 mL·min−1 of nitrogen flow
rate for 48 h.

2.5. Lactic Acid Production with Cell Recycling

To evaluate cell recycling, fermentations were performed at 30 ◦C and 180 rpm stirring
for 96 h in modified MRS medium supplemented with 20 g·L−1 of lactose and 10 g·L−1

of glucose. At the end of each batch, the broth was centrifuged at 3360× g (3400 rpm) for
15 min at 4 ◦C. All recycled cells were used as the seed for the next batch. The fermentation
of the two batches started with 0.4 g·L−1 of biomass.

2.6. Batch with Pulse Lactic Acid Production with pH Control

In order to test the effects of pH on lactic acid production, batch fermentations with
pulse were conducted at 30 ◦C in the 1 L bioreactor at 180 rpm of agitation for 96 h. The pH
was adjusted to 5.0 with KOH (2 mol·L−1). Fermentation was carried out in a modified
MRS medium containing 20 g·L−1 of lactose and 10 g·L−1 of glucose. At 48 and 72 h of
fermentation, lactose was supplied with 40 mL of a 150 g·L−1 lactose stock solution to reach
10 g·L−1 in the fermentation medium.

2.7. Analytical Methods

The optical density (OD) of the E. durans strain was measured with an appropriate
dilution using a UV–visible spectroscopy system at 600 nm. Biomass concentration was
determined in triplicate by centrifugation of 1 mL of culture at 14,000 rpm for 10 min,
decanting the supernatant, rinsing once with distilled water, and placing samples at 70 ◦C
to a constant weight on a Petri dish. The dry cell weight was calculated by the difference
between the constant weight and the mass of the Petri dish previously dried for 24 h at
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105 ◦C. After collecting a few data points and using linear regression, we were able to
obtain the constant for biomass (g·L−1) by Equation (1).

Biomass = 0.082 · OD − 0.0061 (1)

The lactic acid, glucose, and lactose concentrations were measured by a high-performance
liquid chromatography (HPLC) system (Agilent, 1260 infinity, Santa Clara, CA, USA). The
cultures were centrifuged at 14,000 rpm for 15 min and the supernatants were diluted to the
appropriate extent with Milli-Q water. Column 300 × 7.8 mm Aminex HPX-87H column;
precolumn (Bio-Rad, Hercules, CA, USA) 30 × 4.6 mm; mobile phase 0.005 mol·L−1 H2SO4;
flow rate 0.6 mL·min−1; RID detector 40 ◦C and column temperature 45 ◦C.

For the identification of the lactic acid enantiomer produced, the DAD diode array
detector (254 nm) and the Chirex 3126 (D)-Penicillamine column were used. The mobile
phase was 0.001 mol·L−1 CuSO4 with a flow rate of 1 mL·min−1 at 30 ◦C.

Every experiment was carried out in triplicate, and the data are expressed as the mean
with standard deviation.

2.8. Fermentation Yield

The substrate’s bioconversion into the product (gproduct·gsubstrate
−1) was calculated us-

ing Equation (2) to obtain the fermentation yield. The volumetric productivity (g·L−1·h−1)
was calculated according to Equation (3).

YP
S
= −dP

dS
= −

Pf − Pi

S f − Si
(2)

rP = −dP
dt

= −
Pf − Pi

t f − ti
(3)

where YP
S

represents the conversion factor, rP is the productivity rate, and P is the product

concentration (g·L−1) given as the difference between the final (Pf ) and initial (Pi) product
concentrations. S is the substrate concentration (g·L−1) given as the difference between the
final (S f ) and initial (Si) concentrations of the substrate, and t is time (h).

Using the Monod model (Equation (4)), biomass (X) is usually measured by the dry
weight of cells per unit volume, and µ (h−1) is the specific growth rate for cell mass.
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𝑋 = 𝑋 𝑒 ( ) (6)

(g·L−1·h−1) is the rate of formation of dry cell mass, and the specific growth rate for
cell mass (µmax) was calculated by plotting the graph Ln X·Xo

−1 as a function of time
(Equation (5)). The angular coefficient of the straight line adjusted to the experimental data
during the exponential phase of growth corresponds to µmax (Equation (6)).

µX =
1
X

.
dX
dt

(4)
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3. Results and Discussion
3.1. Cell Growth Profile in Liquid Medium

Figure 2 shows the cell growth curves obtained for E. durans. Based on the profile of
the curves, it can be seen that E. durans has a lag phase of 4 h under the conditions tested,
followed by the exponential growth phase. Cell growth is more expressive between 36
and 52 h of fermentation. The specific growth rate for cell mass was calculated between 4
and 56 h of fermentation (µ = 0.4 h−1), corresponding to the exponential phase of growth.
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After 60 h of fermentation, the cell concentration remained constant, indicating that it had
reached the stationary phase.
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In this experiment, it was verified by HPLC that the bacteria analyzed produced the
enantiomer (L)-lactic acid with optical purity, a scenario that makes it possible to use it
as a monomer for the production of polymers based on lactic acid [5]. It was also noticed
that the only metabolite produced was lactic acid, another advantage considering the
purification process. This fact was not necessarily expected, since Enterococcus durans is a
homofermentative LAB and lactose is a disaccharide that could be used for hetero-lactic
acid metabolism via the pentose phosphoketolase (PK) pathway. The bacteria probably pro-
duced lactic acid via the Embden–Meyerhof–Parnas (EMP) pathway in this experiment [12].
A similar conclusion was reported by Bustamante and collaborators, wherein they found
that the metabolism can be considered homofermentative, as lactic acid was the major
product of L. delbrueckii ssp. bulgaricus [32].

3.2. Evaluation of Lactic Acid Production at Two Different Substrate Concentrations

This experiment was carried out under two different conditions to evaluate the influ-
ence of the initial substrate concentration on lactic acid production and cell growth. The
tested conditions were as follows: Condition 1—40 g·L−1 of lactose and 10 g·L−1 of glucose.
Condition 2—20 g·L−1 of lactose and 10 g·L−1 of glucose.

In both conditions, glucose was practically all consumed in the first 6 h of fermentation,
as shown in Figure 3. We chose to adjust the lactose concentration because, although glucose
is the strain’s preferred substrate, its consumption would allow agro-industrial waste to be
used as a carbon source for lactic acid production [29–31].

In the first 6 h of fermentation, there was a noticeable increase in the lactic acid
concentration. For conditions 1 and 2, respectively, lactose consumption was 8.1 g·L−1

and 2.6 g·L−1. It can also be seen in Figure 3 that lactose consumption does not begin
until glucose has been completely metabolized. The bacteria’s preference for glucose is
supported by this behavior.

The pH dropped from approximately 6.0 to 5.0 in the first 24 h of fermentation in both
conditions, as shown in Figure 3, proportionally to the production of lactic acid. The cell
growth profile was also proportional to the amount of lactic acid produced and was more
expressive, particularly during the first 48 h of fermentation. Just like the results presented
in Figure 3, in the study carried out by Boonmee et al., the production of lactic acid was
associated with cell growth using Lactococcus lactis and lactose concentrations of 20 and
40 g·L−1. However, the opposite was observed when this same research group used lactose
concentrations of 60 to 100 g·L −1. According to the authors, at these concentrations there
was a period of “associated non-growth” [33]. Therefore, we can also associate cell growth
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with lactic acid production in this experiment since the initial lactose concentrations were
similar to those reported by Boonmee et al.
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Figure 3. Lactic acid production and consumption of lactose and glucose by E. durans in a 1 L
bioreactor with MRS medium with 40 g·L−1 of lactose and 10 g·L−1 of glucose (Condition 1) and
MRS medium with 20 g·L−1 of lactose and 10 g·L−1 of glucose (Condition 2).

For Condition 1, average productivity was 0.6 g·L−1·h−1 and yield was 0.61 g·g−1,
producing 10.11 g·L−1 of lactic acid at the end of fermentation. In Condition 2, 10.87 g·L−1

of lactic acid was produced, with a yield of 0.94 g·g−1 (greater than for Condition 1) and an
average productivity of 0.54 g·L−1·h−1.

The specific growth rate for cell mass was 0.25 h−1 for Condition 1 and 0.24 h−1 for
Condition 2. This suggests that glucose consumption influenced lactic acid production and
cell biomass. Condition 2 produced higher yields due to lower lactose consumption, which
was intended. Therefore, the lactose consumed in the first fermentation was converted to
cell growth rather than lactic acid. Jangra et al. investigated the effect of carbon sources on
µ with L. plantarum and found that experiments with glucose had higher specific growth
rate values than with lactose. They found µ values of 0.42 for glucose and 0.23 for lactose.
The results with glucose were similar to those achieved in the studies described in this
article [34].

At the end of fermentation, approximately 20% of the initial lactose was consumed in
Condition 1 and 10% in Condition 2. Lactose consumption was not as expected, since the
objective was to maximize the conversion of lactose to lactic acid. However, higher yields
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were obtained with lower initial concentrations of lactose and glucose in this experiment.
Cock and Stouvenel [15] observed similar behavior with L. lactis. In this case, the L. lactis
strain produced the highest lactic acid concentration (13.7 g·L−1) and converted the most
glucose at lower glucose concentrations (20 g·L−1) with a productivity of 0.29 g·L−1·h−1.
The cell growth was also related to product generation, and the same profile was observed
in our experiment. Although, when glucose and lactose were combined, productivity in-
creased. Experiments combining lactose and glucose demonstrated better productivity than
preliminary tests using only lactose as a carbon source. This demonstrates the importance
of combining carbon sources for lactose consumption.

3.3. Evaluation of the Anaerobic Condition for Lactic Acid Production

Experiments were carried out to verify the influence of dissolved oxygen in the
medium on the production of lactic acid. N2 was injected into the medium to decrease the
oxygen concentration, and Figure 4 displays the outcomes. Consumption of glucose was
not favored by the anaerobic environment since it took 14 h longer to exhaust itself without
dissolved oxygen. It was found that dissolved oxygen encourages the consumption of the
carbon source, cell expansion, and the generation of lactic acid. The same behavior pattern
was noted by Zotta et al. [35], where the greatest biomass production by L. casei was in
cultures with more dissolved oxygen.
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Figure 4. Correlation between pH, cell concentration, and dissolved oxygen (DO%) for E. durans
fermentations in anaerobic conditions.

In 50 h of fermentation, the cell concentration increased from 0.17 g·L−1 to 0.41 g·L−1,
as shown in Figure 4. Since the agitation rate affects dissolved oxygen levels, gaseous
nitrogen was injected throughout the process, and the amount of dissolved oxygen (%DO)
was less than 0.3% throughout the whole fermentation. After 50 h of fermentation, the
pH of the fermentation medium decreased from 6.43 to 4.80 and stabilized for the next
48 h. Based on the results obtained, it can be said that lactic acid production (Figure 5) is
correlated with pH acidification and cell expansion (Figure 4). Furthermore, during the first
20 h of fermentation, lactic acid production caused a drop in pH and an increase in DO.



Fermentation 2024, 10, 149 9 of 15

Fermentation 2024, 10, x FOR PEER REVIEW 9 of 16 
 

 

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

7

 pH

 DO (%)

 Biomass

Time (h)

p
H

 

0.0

0.2

0.4

0.6

0.8

1.0

 D
O

 (
%

)

C
el

l C
o

n
ce

n
tr

at
io

n
 (

g
. L

-1
)

 
Figure 4. Correlation between pH, cell concentration, and dissolved oxygen (DO%) for E. durans 
fermentations in anaerobic conditions. 

The specific growth rate for cell mass was 0.11 h−1. As a result of the low dissolved 
oxygen concentration, a minor cell growth rate was predicted. The specific growth rate for 
cell mass was 0.25 h−1 for the experiment without nitrogen addition. With some 
microorganisms, the anaerobic condition increases the µ, but this was not observed with 
E. durans. According to Jangra et al., providing a microaerophilic atmosphere with 
nitrogen improved the growth rate of strain L. delbrueckii ssp., reaching 0.4 h−1 [34]. There 
was also a direct correlation between cell growth, lactic acid production, and glucose 
consumption. 

0 10 20 30 40 50
0

2

4

6

8

10

 

 

C
o

n
ce

n
tr

a
ti

o
n

 (
g

.L
-1
)

Time (h)

 Glucose

 Lactose

 Lactic acid

 Figure 5. Lactic acid production and consumption of lactose and glucose for E. durans in 1 L bioreactor
anaerobic fermentations.

The specific growth rate for cell mass was 0.11 h−1. As a result of the low dissolved
oxygen concentration, a minor cell growth rate was predicted. The specific growth rate
for cell mass was 0.25 h−1 for the experiment without nitrogen addition. With some
microorganisms, the anaerobic condition increases the µ, but this was not observed with
E. durans. According to Jangra et al., providing a microaerophilic atmosphere with nitrogen
improved the growth rate of strain L. delbrueckii ssp., reaching 0.4 h−1 [34]. There was also
a direct correlation between cell growth, lactic acid production, and glucose consumption.

The productivity for this experiment was 0.21 g·L−1·h−1, and the yield was 0.69,
producing 9.17 g·L−1 (Figure 5). Such values were a bit lower than those achieved in the
experiment without the addition of nitrogen, demonstrating that the bacteria’s performance
was affected by the low concentration of dissolved oxygen.

Some studies have already been carried out with the aim of investigating the aerobic
metabolism of lactic acid bacteria. In one study, Zotta et al. [36] found that aerobic cir-
cumstances can boost the production of metabolites. In another study, Ge et al. [37] used
recombinant L. casei strains in their research to maximize the production of lactic acid by
varying the amount of oxygen supplied during fermentation. The authors also suggest that
this strategy may increase the production of organic acids from other strains by regulating
the metabolic flow with the oxygen supply.

3.4. Evaluation of Cell Recycling for Lactic Acid Production with E. durans

In order to evaluate the performance of adapted cells, a batch was performed using cell
recycling. In this experiment, it was noticed that experiments with adapted cells produced
more lactic acid in successive batch cycles. The remaining cells from the first fermentation
(cycle I) were used as inoculum for the second batch (cycle II) in this experiment. Fer-
mentations were carried out with 10 g·L−1 of glucose and 20 g·L−1 of lactose, with a cell
concentration of 0.28 g·L−1 for the first fermentation and 0.37 g·L−1 for the second. The
bacteria cells grown in the first fermentation were used as the inoculum for the second
fermentation, which was carried out in a medium containing 20 g·L−1 of lactose as the sole
carbon source.

According to the results presented in Figure 6, the glucose has already been completely
consumed in the first 24 h of fermentation. The cell concentration increased throughout the
fermentation, and the bacteria were not inhibited by the produced lactic acid even at the
end of the fermentation, with a pH of 3.5. There was a higher rate of lactose consumption
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after 72 h of fermentation. In the first batch, productivity was 0.17 g·L−1·h−1 and yielding
0.87 g·g−1. Figure 6 depicts the outcomes of the batches.

Fermentation 2024, 10, x FOR PEER REVIEW 10 of 16 
 

 

Figure 5. Lactic acid production and consumption of lactose and glucose for E. durans in 1 L 
bioreactor anaerobic fermentations. 

The productivity for this experiment was 0.21 g·L−1·h−1, and the yield was 0.69, 
producing 9.17 g·L−1 (Figure 5). Such values were a bit lower than those achieved in the 
experiment without the addition of nitrogen, demonstrating that the bacteria’s 
performance was affected by the low concentration of dissolved oxygen. 

Some studies have already been carried out with the aim of investigating the aerobic 
metabolism of lactic acid bacteria. In one study, Zo a et al. [36] found that aerobic 
circumstances can boost the production of metabolites. In another study, Ge et al. [37] 
used recombinant L. casei strains in their research to maximize the production of lactic 
acid by varying the amount of oxygen supplied during fermentation. The authors also 
suggest that this strategy may increase the production of organic acids from other strains 
by regulating the metabolic flow with the oxygen supply. 

3.4. Evaluation of Cell Recycling for Lactic Acid Production with E. durans. 
In order to evaluate the performance of adapted cells, a batch was performed using 

cell recycling. In this experiment, it was noticed that experiments with adapted cells 
produced more lactic acid in successive batch cycles. The remaining cells from the first 
fermentation (cycle I) were used as inoculum for the second batch (cycle II) in this 
experiment. Fermentations were carried out with 10 g·L−1 of glucose and 20 g·L−1 of lactose, 
with a cell concentration of 0.28 g·L−1 for the first fermentation and 0.37 g·L−1 for the 
second. The bacteria cells grown in the first fermentation were used as the inoculum for 
the second fermentation, which was carried out in a medium containing 20 g·L−1 of lactose 
as the sole carbon source. 

According to the results presented in Figure 6, the glucose has already been 
completely consumed in the first 24 h of fermentation. The cell concentration increased 
throughout the fermentation, and the bacteria were not inhibited by the produced lactic 
acid even at the end of the fermentation, with a pH of 3.5. There was a higher rate of lactose 
consumption after 72 h of fermentation. In the first batch, productivity was 0.17 g·L−1·h−1 
and yielding 0.87 g·g−1. Figure 6 depicts the outcomes of the batches. 

0 50 100 150 200
0

5

10

15

20

25

30

C
o

n
c
e
n

tr
at

io
n

 (
g

.L
-1
)

Time (h)

 Lactic acid
 Lactose
 pH
 Biomass

0

2

4

6

Cycle II Cycle I 

C
e
ll 

co
n

ce
n

tr
at

io
n

 (
g

.L
-1
)

p
H

 Figure 6. Production of lactic acid, consumption of lactose and glucose, pH, and cell concentration for
successive batch cycles with E. durans in a 1 L bioreactor. Each cycle lasted for 96 h. Cycle I (yellow
area); Cycle II (white area).

Figure 6 represents cycles I (yellow area) and II (white area) and shows the correlation
between lactic acid production and cell growth. It is possible to confirm that lactic acid
production increases proportionally with the number of cells in the fermentation medium,
confirming the trend observed in previous experiments. For the first cycle, glucose was
added to the medium to promote cell growth and lactose to initiate cell adaptation. Af-
ter adaptation in the first cycle, only lactose was employed as a carbon source for the
second cycle, and it was observed that cell growth was improved. Lactose consumption
proceeded as expected in this experiment, particularly in the second cycle, maximizing the
conversion of lactose to lactic acid while depleting the carbon source. The second cycle
resulted in a higher inoculum density because the more resistant cells from the previous
cycle continued the process. Once lactose assimilation has been achieved, it is expected
that whey will be a promising alternative carbon source with E. durans for lactic acid
production in the future. Joulak and collaborators already showed that Halomonas strains
produced exopolysaccharides using agro-industrial wastes (cheese whey) as the sole carbon
source [38].

Alfano et al. [39] demonstrated the potential of buffalo whey as a reusable effluent
rich in lactose. They tested buffalo milk-derived whey as a substrate for fermentations
with a L. fermentum strain. A dried powder was obtained from the residue, containing 44%
lactose (w/v), which was then applied as a carbon source. After fermentation with the
dried powder, 16.4 g/L of sugar provided 10 g/L of lactic acid.

The specific growth rate for cell mass was 0.12 h−1 for the first cycle and 0.93 h−1

for the second one. The use of adapted cells resulted in increased lactic acid production
and a higher µ (specific growth rate). Although the µ value of the second cycle was lower
than the value found in the literature of a study carried out with Lactococcus lactis NZ133
with lactose (1.10 h −1) [33], the significant increase between cycles highlights the bacteria’s
potential. All lactic acid production and cell growth in the second cycle were dependent on
lactose consumption due to the absence of glucose supplementation.

We noticed that the adapted microorganism favored lactose consumption as compared
to the initial batch. In the second fermentation, 48 h were needed for 80% of the lactose to
be metabolized. Only 8.4% of the lactose in the first batch was metabolized in 48 h. The
carbon source ran out after 96 h of recycling. The second cycle had a yield of 82% and a
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productivity of 0.36 g·L−1·h−1. The amount of lactic acid produced with cell recycling was
26.07 g·L−1. This indicates that production increased by 10 g·L−1 in fermentations under
the same circumstances, employing adapted cells and without glucose. It is important to
emphasize that the second cycle began with the same cellular concentration as the first.
However, because it started with adapted cells, it is observed that there is more significant
cell growth and lactose consumption in the second cycle.

Thus, the study showed that cells that had already become adapted to the carbon
source produced more lactic acid when they were recycled. This behavior had already been
noticed in fermentations using modified E. coli. In the study carried out by Aso et al. [40],
the bacteria were able to produce 0.6 g·L−1 of lactic acid in a single batch and 5 g·L−1 with
cell recycling.

3.5. Evaluation of Batch with Pulse Lactic Acid Production with E. durans

Several studies have employed pH control as a tool to enhance the lactic acid genera-
tion in LAB-based fermentations. For E. durans in this experiment, the pH control at 5.0
improved cell growth. After 24 h of fermentation, the bacteria began to metabolize the
lactose, and the glucose was totally consumed.

The lactose had already been used up after 48 and 72 h. Accordingly, it was observed
that the bacterium was driven to consume more lactose at a regulated pH of 5.0 in the
absence of glucose. The results are shown in Figures 7 and 8.
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Figure 7. Lactic acid production and consumption of lactose and glucose for E. durans in fermentations
with pH control at 5.0 in a 1 L bioreactor.

E. durans was able to exhaust the carbon source in less time due to pH control. The
yield was about 0.57 g·g−1 and the average productivity was 0.38 g·L−1·h−1, which was
higher than in the experiments where the pH was not controlled. According to Cock
and Stouvenel [15], adding basic solutions (2 mol·L−1 KOH) to keep the pH within the
best operating range led to higher lactic acid concentrations than those obtained without
this control. A similar result was obtained in this experiment, demonstrating that pH
adjustment improved lactic acid production and substrate consumption.

In this experiment, the biomass production was similar to the experiment without pH
control, indicating that the same cell concentration was able to produce more lactic acid
with a pH of 5.

As a result of the longer gap between feedings, the bath fermentation achieved higher
yields and productivity than the trial with pH control. However, adjusting the pH allowed
higher levels of lactic acid to be reached in a shorter period of time.
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When compared to the experiment with adapted cells, it was noticed that pH control
was able to increase productivity. Nonetheless, this result demonstrates that cell recycling
performed better overall in terms of lactose consumption and yields.

Hassan et al. [22] reported the highest lactic acid production from E. durans fermen-
tation using banana peels as substrate, reaching 28.8 g·L−1. With a simpler fermentation
medium and lactose and glucose as carbon sources, we were able to achieve 36.47 g·L−1 of
lactic acid. As a result, the purification and recovery of lactic acid are facilitated.

Although pH control improved lactose consumption, cell recycling promoted higher
yields and productivity, as shown in Table 2. At 24 h, there was no lactose supplementation,
which we can consider a batch fermentation. It is important to note that the bacteria produce
approximately 8.5 g·L−1 more lactic acid during a 24 h fermentation period with pH control
than they do over the same period without control, as in the experiment mentioned at
item 2.2.

Table 2. Comparison of lactic acid production, yield, and productivity in each experiment.

Operation Mode Lactic Acid (g·L−1) Yield (g·g−1) Productivity (g·L−1·h−1)

Simple Batch 10.87 0.94 0.54

Anaerobiosis 9.17 0.69 0.21

Cell recycling 26.07 0.82 0.36

Batch with pulse
and pH control 36.47 0.57 0.38

Fed-batch operation is a technique frequently used to improve the output of fermen-
tations, and this was observed in this experiment. The same effect was reported in the
literature. Liu et al. [41] produced 70.70 g·L−1 of lactic acid in batch fermentation by
L. bulgaricus CGMCC 1.6970. Using fed-batch fermentation, 113.18 g·L−1 was achieved.
Abdel Rahman et al. [42] produced 67.2 g·L−1 of lactic acid in batch fermentation with
E. mundtii QU 25. A lactic acid production of 129 g·L−1 was reached in fed-batch fermenta-
tion with glucose and xylose as carbon sources and ammonium hydroxide as a neutralizing
agent. In spite of this, based on the results obtained, cell recycling is still a more effec-
tive strategy for the production of lactic acid and consumption of lactose with E durans,
producing higher yields.
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4. Conclusions

Fermentations with E. durans, which have barely been investigated in the literature,
were conducted to evaluate the process parameters of lactic acid fermentation and establish
efficient and sustainable production routes. The anaerobic medium proved ineffective in
producing lactic acid with E. durans. Low levels of dissolved oxygen (about 0.3%) in the
medium did not stimulate the formation of lactic acid.

In the studies carried out to evaluate the pH control performance, it was found that
pH control with KOH 2 mol·L−1 enabled the production of 36.47 g·L−1 of lactic acid,
representing a significant increase compared to fermentations performed without pH
control (10.87 g·L−1). However, it is feasible to conclude that cell recycling proved to be the
most efficient strategy for lactic acid production, reaching yields of 0.82 g·g−1 and lactic acid
concentrations higher than those of a simple batch. Furthermore, cell recycling enhanced the
assimilation of lactose as a carbon source. Thus, determining the fermentation parameters
enables scale-up and a establishes a sustainable process. In addition, the assimilation of
lactose indicates that agro-industrial residues rich in this carbohydrate can be used as a
substrate to produce the molecule of interest, adding value to the process.
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