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actic acid production using cost
effective agro residue for food applications†

Janifer Raj Xavier, * Ilaiyaraja Nallamuthu, Muthiah Pal Murugan
and Om Prakash Chauhan

Lactic acid (LA) (CH3CHOHCOOH) is utilised in a variety of industrial processes, including production of

polymers, emulsifiers, pharmaceutical, and cosmetic formulations. Biological synthesis of useful products

by fermentation of renewable resources has advantages over chemical methods. Focus on optimised

usage of cost effective regional substrates is necessary to achieve environmentally sustainable practices

and efficient biomass fermentation for production of organic acid such as lactic acid. The present study

was carried out to optimize lactic acid production using Limosilactobacillus fermentum DFRM8 with cost

effective regional carbon substrate (sugarcane bagasse). Experimental design used for the optimization

of lactic acid production was 34 full factorial design using four factors such as sugarcane bagasse (%),

inoculation level (%), incubation temperature (°C) and pH. The conditions optimized with sugarcane

bagasse hydrolysate at 5.0% (v/v), inoculum level at 5.0% (v/v), and incubation temperature at 30 °C with

an initial pH of 6.0 produced the maximum lactic acid (22.2 g L−1 on dry weight basis) after 48 h. Simple

sugars when used as carbon source in fermentation medium produced (g L−1) LA in the range of 4.5 to

13.5 while agro residues such as mango peel, grape peel and banana peel produced (g L−1) LA at 18.0,

4.5 and 2.7 on dry weight basis. Lactic acid synthesised by the isolate L. fermentum DFRM8 is suitable for

food and biomedical applications as the bacterium has GRAS status.
Sustainability spotlight

Our research contributes to the United Nations Sustainable Development Goals 12 (responsible consumption and production) and 13 (climate action) by production
of lactic acid through environmentally conscious practices. In our study, we aimed to enhance the sustainability of lactic acid production by repurposing the regionally
available agro residue sugarcane bagasse, as the cost-effective renewable carbon substrate. Utilization of regional resources contributes in creation of cost effective
culture medium in lieu of conventional production medium containing dextrose. By optimizing production processes utilizing agro residues reduce the impact of
wastes on the environmental and also pave way to promote responsible production practices for a more sustainable and resilient future.
1. Introduction

Lactic acid (LA) is a valuable chemical widely employed in
diverse industries such as food, cosmetics, and pharmaceuti-
cals due to its versatile properties. The relevance of LA spans
various sectors, including its use as an alpha-hydroxy acid (AHA)
in cosmetics for exfoliation and skin-soening, as well as
a preservative in food products owing to its antimicrobial
attributes. In the pharmaceutical industry, LA serves as an
intermediate in drug synthesis and a chiral resolving agent.
This compound is predominantly produced through the
fermentation of carbohydrates by microorganisms, resulting in
optically active isomers. The resulting LA can be either D- or L-
), Defence Research and Development

ce, Siddarthanagar, Mysore 570 011,

ail.com

tion (ESI) available. See DOI:

the Royal Society of Chemistry
isomer, depending on the microorganisms used.1 Microbial
fermentation emerges as a sustainable alternative to chemical
synthesis, utilizing cost-effective substrates and various micro-
organisms, such as bacteria, fungi, cyanobacteria, and algae.2,3

The most potent method for obtaining genetically stable and
useable strains for industrial applications has been tradition-
ally through isolation and screening of microorganisms from
naturally occurring sources. LAB with commercial potential
should be homofermentative, capable of producing only lactic
acid to aid in quick purication from the cultivation medium.
While synthetic methods exist4 our focus lies on sustainable
microbial fermentation, particularly using Limosilactobacillus
fermentum DFRM8 and sugarcane bagasse, a cost-effective
regional carbon substrate. LAB were recovered from environ-
mental samples on MRS (de Man–Rogosa–Sharpe) agar with
one percent calcium carbonate, and incubated at 30 °C for 48 h
anaerobically to separate the acid-producers from other
bacteria based on clearing zones. Characterization of isolates
Sustainable Food Technol., 2024, 2, 741–749 | 741
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based on biochemical parameters, Gram staining as well
titratable acidity was reported.5

The raisingmarket demand for naturally produced LA (about
130 000–150 000 tonnes per year) is being attributed to its
broader applications in the eld of food, cosmetics, pharma,
and chemical industries.6 Ten percent of total LA synthesised
used lactonitrile however, recycling industrial wastes such as
lactose-rich whey water through microbial conversion was
preferred due to its eco-friendly nature.7 Additionally, the use of
renewable feed stocks and ecofriendly processes reduces the
environmental impact by sustainable production of LA. Since
about 90 percent of LA is produced microbiologically, the
industrial production of the LA is primarily based on its
fermentative route. Cost of raw materials is the most important
factor and selection should be based on characteristics such as
low cost, rapid rate of fermentation, lesser inherent contami-
nants, high LA yields, little or no by-product formation and
availability throughout the year.8 LA production is estimated to
be over 270 000 tons per year and themarket demand is growing
at 10 percent annually, which may be attributed to the use of LA
in the production of the biocompostable polymer such as Poly
Lactic Acid (PLA) which is used in manufacture of bio-
compostable containers, wraps, single-use trays, mulch lms
and packaging material. PLA is an environmentally friendly
alternative to single use plastics, used in various applications,
such as packaging materials and medical implants.9

Culture conditions such as carbon source, incubation
temperature as well as pH of the medium inuence microbial
production of lactic acid, therefore statistical optimisation of
factors such as media ingredients and culture conditions for
increased LA production is essential. To cut down the cost of
industrial production and to pave the way for circular bio-
economy, biotechnology based volarization of lignocellulosic
residues obtained from food and agro industries are gaining
importance in the present scenario.10 In the present study, LA
production using cost effective agro residue (sugarcane
bagasse) using Limosilactobacillus fermentum DFRM8 with
potential LA production capability was carried out using a 34

factorial experimental design. The LA production was also
conrmed by TLC and HPLC.
2. Materials and methods

All biochemicals and chemicals used were of analytical reagent
(AR) grade procured from Merck (Mumbai, India), Hi-media
(Mumbai, India), Sisco Research Laboratories (Mumbai,
India), and Qiagen. Lactic acid was procured from Sisco
Research Laboratories (Mumbai, India) and sugarcane bagasse
was obtained from local market. Mango peel, banana peel,
grapes peel and orange peel were obtained from local fruit juice
vendors of Mysore, Karnataka, India.
2.1. Isolation, characterization and identication of
Limosilactobacillus fermentum DFRM8 isolate

Samples of dairy products, dairy wastes, batter, and fruit wastes
from various places inMysore, Karnataka, India were collected in
742 | Sustainable Food Technol., 2024, 2, 741–749
sterile airtight collection vials. The sampling area was located in
the geographic coordinates 12°290N and 76°630E. The samples
were collected carefully using 50 mL falcon tubes (Eppendorf)
and surface sterilised using absolute ethanol, transported to
laboratory in surface sterilised polythene bags and stored at 4 °C
until use. The bacterial strain was isolated using de Man–Rogosa
and Sharpe agar (MRS) comprising (g L−1): protease peptone
10.0; beef extract 10.0; yeast extract 5.0; dextrose 20.0; ammo-
nium citrate 2.0; MgSO4$7H2O 0.1; agar 20.0 at an initial pH of
6.5 using serial dilution method. The sterile medium was poured
in Petri plates, inoculated using quadrant streak plate method
and incubated for 24 to 48 h at 37 °C. The single colonies were
picked and streaked on fresh MRS agar plates to obtain sixty one
bacterial isolates as pure culture. The isolates were screened for
lactic acid production based on titratable acidity of the culture
broth and were identied based onmorphological, physiological,
biochemical and molecular methods. DFRM8 exhibited
maximum acid production (12.6 g L−1) was selected for further
studies. The isolate was found to be catalase negative, Gram
positive, and homofermentative in nature (ESI Fig. 1†). The
isolate was identied by sequencing the 1.4 kb of 16S rRNA gene
using universal eubacterial primers (forward primer: 50

AGAGTTTGATCCTGGCTAG 30 and reverse primer:
50AAGGAGGTGATCCAGCC 30). Based on the sequence analysis
using NCBI-BLAST (https://www.ncbi.nml.nih.gov), it was
identied as Limosilactobacillus fermentum, and the nucleotide
sequence has been deposited with Genbank under the
accession number OP804202. Inoculum was prepared from
glycerol stock maintained at −20 °C.

2.2. Screening of microorganisms for lactic acid production

Sixty one bacterial cultures isolated at our laboratory from the
present study and isolates obtained during earlier studies
(Lactobacillus plantarum DFR4 and Pediococcus acidilactici
DFR5) were propagated in 50 mL MRS broth and incubated at
37 °C for 24 h. The acid production wasmonitored using the cell
free supernatant obtained using titratable acidity which was
expressed as the percentage of organic acid present in the
fermentation medium, which was determined by titration of
a known amount of inoculated MRS broth with NaOH
(0.1 mol L−1) using phenolphthalein as indicator (ESI Table 1†).

2.3. Inoculum preparation and lactic acid production using
Limosilactobacillus fermentum DFRM8

MRS medium in form of broth was used as a seed medium for
inoculum preparation. A loopful of inoculum of Limosilactoba-
cillus fermentum DFRM8 was transferred into 30 mL of seed
medium in a 100 mL Erlenmeyer ask and incubated for 24 h at
37 ± 2 °C without agitation. Erlenmeyer asks of 250 mL
capacity contained 100 mL of production medium comprising
(g L−1): protease peptone 10.0; beef extract 10.0; yeast extract
5.0; dextrose 20.0; ammonium citrate 2.0 and MgSO4$7H2O 0.1.
The production medium was inoculated using 2.0 percent (v/v)
of 24 h old L. fermentum DFRM8 seed culture. The inoculated
asks were kept under static condition at 37 ± 2 °C for 48 h and
lactic acid production was monitored.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4. Selection of carbon source and culture conditions for
lactic acid production

Effect of various simple sugars such as sucrose, maltose, fruc-
tose and lactose were studied instead of dextrose in the media
in one-at-a-time approach for production of lactic acid. Acid
hydrolysates obtained from cost effective regionally available
ingredients as substitutes for carbon source such as sugarcane
cane bagasse, mango peel, banana peel, grapes peel and orange
peel were also studied one-at-a-time to ascertain their effect on
lactic acid production. Fruit peels were sterilized by autoclaving
for 20 minutes at 121 °C, followed by boiling at 80 °C for 30
minutes on addition of sterile water at the concentration of 4.0
percent (w/v). The ltrate obtained aer boiling was treated with
1.0 percent HCl (v/v) and autoclaved to obtain the acid hydro-
lysate and pH was adjusted using calcium oxide and CaSO4

formed as by-product was ltered out. The effect of inoculum
concentration (1 to 5%), temperature (20, 25, 30,35 and 40 °C)
and pH (4 to 8) of the initial media were also studied using one
at a time approach on their effect of LA production during
submerged fermentation.
2.5. Optimization of lactic acid production using factorial
experiments

Factors for the LA media optimization using the selected strain
DFRM8 were designed as per 34 factorial with three levels of
four different factors, playing major role in LA production.
Three levels of four factors such as carbon source (%), inoculum
concentration (%), temperature (°C) and pH was chosen for
factorial experiments. For 27 runs of 3 replicates, 3 blocks were
considered and hence eighty-one combinations were drawn out
of the factorial design for optimization. Aer carrying out all
replications, lactic acid production was studied as the response.
2.6. Purication of lactic acid

Aer incubation for 48 h the cell biomass was precipitated by
centrifugation at 12 000 rpm for 20 min and the lactic acid from
the cell free supernatant was precipitated using 50 percent (w/v)
ammonium sulphate and n-butanol thrice the volume of
supernatant for 2 h at 30 °C in a orbital shaker (Orbitek, Sci-
genics Biotech, Chennai, India). The mixture was transferred to
a separatory funnel and allowed to phase separate the aqueous
and organic phase into distinct layers. The supernatant ob-
tained was concentrated using rotary vaporizer at 50 °C.
2.7. Thin layer chromatography (TLC) and high performance
liquid chromatography (HPLC) analysis of lactic acid

TLC of lactic acid was carried out using silica gel 60 plates
(Merck, Germany) according to Lee et al.11 The solvent system for
separation was a mixture of acetone : water : chloroform :
ethanol : ammonium hydroxide (60 : 2 : 6 : 10 : 2, v/v/v/v/v). Lactic
acid was detected by spraying the TLC sheets using an indicator
solution of 0.25 g of methyl red and 0.25 g of bromophenol blue
dissolved in 100 mL of 70 percent methanol and on subsequent
drying spots appeared. Liquid chromatography was carried out
using 24 series HPLC system (M/s Waters India Pvt. Ltd) and 515
© 2024 The Author(s). Published by the Royal Society of Chemistry
pump equipped with UV-visible variable length detector (2489)
set at 210 nm. Phosphate buffer (10 mM, pH 3.0) and acetonitrile
at a ratio of 95 : 5 (v/v) was used as mobile phase with C 18
column (250 × 4.6 mm× 5 mm) Kyatech as stationary phase and
the temperature of column was 42.0 °C. The mobile phase was
set for both pumps (A and B) at 0.5 mLmin−1 to get the nal ow
rate of 1.0 mL min−1. Once pump stabilization and baseline was
achieved, the prepared stock solution and calibration standards
were injected. Linear data obtained for the standard lactic acid
was used to determine the lactic acid concentration of the
unknown samples by comparisons using peak area and retention
time of standard lactic acid. Chromatograms were generated
using Empower® soware.
2.8. Data analysis

The results were analyzed using STATISTICA release 7 (Stat So
Inc., Tulsa, OK). An Analysis of Variance (ANOVA) test based on
least signicant difference (LSD) at p < 0.05 was used to deter-
mine whether experimental results are signicant. Coefficient
of regression (R2) indicated the quality of t and interactive
effects between the factors such as sugarcane bagasse, inoc-
ulum level, temperature of incubation and initial pH of the
production medium that affects the production of lactic acid
were investigated and results were graphically presented. Using
proles for predicted values and desirability, approximate-
optimal values of the quadratic functions were predicted.
3. Results and discussions
3.1. Effect of carbon source, inoculum concentration,
temperature and pH of the production medium for lactic acid
production

Carbon sources viz. sucrose, fructose, maltose and lactose as
well as cost effective regionally available carbon substrates such
as sugarcane cane bagasse, mango peel, banana peel, grapes
peel and orange peel and their effect on lactic acid production
was investigated. Among the simple sugars tested such as
fructose, glucose, lactose, maltose and sucrose for three isolates
(Limosilactobacillus fermentum DFRM8, Lactobacillus plantarum
DFR4 and Pediococcus acidilactici DFR5), lactose containing
medium produced the maximum amount (13.5 g L−1) of lactic
acid while fructose produced the least (4.5 g L−1) while glucose
and sucrose as carbon substrate produced 12.0 and 10.8 g L−1 of
lactic acid, respectively (Fig. 1). Isolate obtained in this present
study L. fermentum DFRM8 produced lactic acid (4.5 to 13.5 g
L−1) using simple sugars except fructose which was converted
less into LA. Pediococcus acidilactici DFR5 produced LA in the
range of 7.2 to 9.0 g L−1 and converted lactose more efficiently
into LA in comparison to other simple sugars. Lactobacillus
plantarumDFR4 produced LA in the range of 1.8 to 8.1 g L−1 and
converted glucose into LA more efficiently while preferred
fructose the least. Variation in the capability of utilisation of
simple sugars may be attributed to the variation in isolates
based on the food source of isolation as well as their genetic
makeup. Xavier et al.12 reported during optimisation of carbon
sources for microbial levan production, among simple sugars
Sustainable Food Technol., 2024, 2, 741–749 | 743
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Fig. 1 Effect of various carbon sources on lactic acid production (g L−1) using Limosilactobacillus fermentum DFRM8.
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such as galactose, lactose, maltose, sucrose and xylose
maximum production was noticed in the presence of sucrose
while lactose, galactose and starch failed to support levan
production. g-Poly glutamic acid (g-PGA) production during
submerged fermentation was reported maximum in rice bran
carbon substrate, to a limited extent when sugarcane juice,
wheat bran and glucose as carbon substrates while cane
molasses did not support production of g-PGA.13
Fig. 2 Effect of various carbon sources during submerged fermentation

744 | Sustainable Food Technol., 2024, 2, 741–749
Among the cost effective carbon sources tested acid hydro-
lysates obtained using sugarcane bagasse produced the
maximum amount (20.1 g L−1) of lactic acid on dry weight basis
among the substrates tested while orange peel acid hydrolysate
produced the least (1.8 g L−1) while mango peel, grape skin and
banana peel acid hydrolysate as carbon substrate produced
18.0, 4.5 and 2.7 g L−1 of lactic acid, respectively (Fig. 2). LA
production was maximum in the residues of sugarcane and
using different isolates for lactic acid production (g L−1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mango peel, which may be attributed to the increased avail-
ability of residual sugars in comparison to peels obtained from
banana, orange and grapes. The lactic acid production was
found to be inuenced by the other components such as poly
phenols, dietary ber as well as sugars present in the acid
hydrolysates of the cost effective substrates used for submerged
fermentation of the isolates DFRM8 and other two cultures
obtained from our earlier studies. However, isolate DFRM8 was
found to volarize the residues in the order of sugarcane bagasse
>mango peel > grape peel > orange peel > banana peel. This may
be attributed to the preference of the isolate DFRM8 for
a particular substrate in comparison to others. The isolate
selected in the present study based on highest titratable acidity
was capable of maximum lactic acid production when
compared to isolates obtained in our earlier study. Further-
more, the isolate DFRM8 was selected for optimization of lactic
acid production using cost effective preferred substrate sugar-
cane bagasse by statistical methods.

Sabater et al.14 also reported variations in the outcome of
fermentation based on the fruits and vegetable by-products.
Abedi and Hashemi15 reported that lactic acid bacterial
cultures preferred lactose over other simple sugars for lactic
acid production which is similar to the present study. Umesh
et al.16 studied effect of fruit peel waste as a promising carbon
source for LA production using Lactobacillus plantarum. In their
study, they used various fruit wastes such as mango, orange,
banana and pineapple. Among the selected fruit waste
Table 1 Optimization of lactic acid production using 34 factorial layouts

Carbon
source (%)

Inoculum
concentration (%)

Temperature
(°C) pH

2.00 1.00 20.00 4.00
2.00 1.00 30.00 8.00
2.00 1.00 40.00 6.00
2.00 3.00 20.00 8.00
2.00 3.00 30.00 6.00
2.00 3.00 40.00 4.00
2.00 5.00 20.00 6.00
2.00 5.00 30.00 4.00
2.00 5.00 40.00 8.00
3.00 1.00 20.00 8.00
3.00 1.00 30.00 6.00
3.00 1.00 40.00 4.00
3.00 3.00 20.00 6.00
3.00 3.00 30.00 4.00
3.00 3.00 40.00 8.00
3.00 5.00 20.00 4.00
3.00 5.00 30.00 8.00
3.00 5.00 40.00 6.00
5.00 1.00 20.00 6.00
5.00 1.00 30.00 4.00
5.00 1.00 40.00 8.00
5.00 3.00 20.00 4.00
5.00 3.00 30.00 8.00
5.00 3.00 40.00 6.00
5.00 5.00 20.00 8.00
5.00 5.00 30.00 6.00
5.00 5.00 40.00 4.00

a Values are derived from three replications and expressed as mean ± S.D

© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrolysates highest LA (10.8 g L−1) production was observed in
medium containing mango peel hydrolysate while banana and
pineapple peels produced the lowest amount of LA (4.7 g L−1).
Jawad et al.17 used mango peel as fermentation substrate and
optimized the LA production using factorial experiments. The
study concluded that the highest LA concentration was
observed as 17.48 g L−1 in the optimized medium with various
factors such as pH, temperature and fermentation time.
3.2. Optimization of selective medium components using
factorial experiments

Statistical optimisation method based on 34 factorial experi-
ments (Statso soware, Version, 7) was carried out to optimise
suitable parameters to maximize the production of lactic acid
(g L−1). Four factors (independent variables) such as carbon
source concentration (%), inoculum level (%), temperature (°C)
and pH at three levels, 3 blocks and 3 replicates were designed
resulting in 81 combinations. One-factor-at a time experiments
carried out indicated that production medium inoculated with
bacterial culture, need to be incubated at 37 °C for 48 h for LA
production. However, variables such as carbon source (sugar-
cane bagasse), inoculum level, temperature and pH of produc-
tion media for LA by L. fermentum were optimized by factorial
experiments. The fermentation conditions obtained through
preliminary experiments were not modied during the optimi-
zation process. Responses (lactic acid production g L−1) for 81
a

Lactic acid
(g L−1) Observed value Predicted value Residual

2.4 � 0.52 2.4 � 0.52 3.3 � 0.00 −0.60
5.7 � 0.52 5.7 � 0.52 5.57 � 0.00 −0.17
4.2 � 0.52 4.2 � 0.52 5.3 � 0.00 −1.70
5.1 � 0.52 5.1 � 0.52 5.6 � 0.00 −0.20
7.5 � 0.52 7.5 � 0.52 7.3 � 0.00 −0.10
7.2 � 0.00 7.2 � 0.00 6.27 � 0.00 0.93
9.3 � 1.04 9.3 � 1.04 8.27 � 0.00 1.63
8.7 � 0.52 8.7 � 0.52 9.2 � 0.00 −0.20

10.2 � 1.04 10.2 � 1.04 9.5 � 0.00 1.30
10.5 � 1.37 10.5 � 1.37 9.8 � 0.00 −0.80
12.3 � 0.52 12.3 � 0.52 11.5 � 0.00 1.10
9.9 � 0.90 9.9 � 0.90 10.47 � 0.00 −0.57

11.4 � 1.04 11.4 � 1.04 11.53 � 0.00 −0.73
12.0 � 1.04 12.0 � 1.04 12.47 � 0.00 0.13
12.0 � 0.52 12.0 � 0.52 12.77 � 0.00 −0.17
14.1 � 0.52 14.1 � 0.52 13.43 � 0.00 0.07
14.7 � 0.52 14.7 � 0.52 15.7 � 0.00 −1.30
16.2 � 0.90 16.2 � 0.90 15.43 � 0.00 0.77
15.9 � 0.52 15.9 � 0.52 16.47 � 0.00 −0.27
17.7 � 0.52 17.7 � 0.52 17.4 � 0.00 0.60
18.9 � 0.00 18.9 � 0.00 17.7 � 0.00 1.20
18.3 � 0.52 18.3 � 0.52 17.43 � 0.00 0.57
20.4 � 1.04 20.4 � 1.04 19.7 � 0.00 0.10
18.6 � 0.52 18.6 � 0.52 19.43 � 0.00 −0.53
19.5 � 0.52 19.5 � 0.52 20.67 � 0.00 −1.77
22.2 � 1.04 22.2 � 1.04 22.37 � 0.00 −0.77
21 � 0.52 21.0 � 0.52 21.33 � 0.00 −0.63

.
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experiments using factorial method, and the actual and pre-
dicted LA production are shown (Table 1 and ESI Table 2†).
Production of LA ranged from 2.4 to 22.2 g L−1 on dry weight
basis and was maximum for the 26th run under the experi-
mental conditions: carbon source (%) = 5.0; inoculum level (%)
= 5.0; temperature (°C) = 30.0; and pH = 6.0. The lowest
production was reported in 1st run with the conditions of
carbon source (%) = 2.0; inoculum level (%) = 1.0; temperature
(°C) = 20.0 and pH = 4.0. The optimized carbon source and
inoculum concentration and production conditions such as
incubation temperature and initial pH of the medium for
obtaining desirable response of maximized LA production was
designed based on the above ndings. Kotzamanidis et al.18

studied the effect of the three variables including sucrose
concentration, yeast extract and CaCO3, individually at ve
levels, and their interactive effects on lactic acid concentration.
Signicant interactions were reported between sucrose and
yeast extract, as well as sucrose and CaCO3 levels. Saavedra et al.
(2021) carried out LA optimization using cane molasses (carbon
source) as a factor in which highest LA production was observed
in medium containing cane molasses concentration of 8.0
percent, and concluded the linear effect of cane molasses on LA
production. Canemolasses at 8.0 (%) was used as carbon source
for LA production and a linear effect was observed for increase
in carbon source.19 Cost effective carbon sources such as rice
bran and sugarcane juice for production of exopolysaccharides
such as poly glutamic acid13 and levan12 using Response Surface
Methodology (RSM). According to Ha et al.20 temperature
optima for growth of lactic acid bacteria varies in the range of
20 °C to 45 °C and obviously it varies from species to species.
Ilmen et al.21 reported lactic acid production of maximum
33.72 g L−1 at 37 °C by L. casei. From these observations, it is
clear that a temperature range of 37 °C to 40 °C was considered
as optimal for lactose conversion by bacterial cells during
production of LA. Sarkar and Paul22 optimized LA concentration
using temperature as a factor with levels including 20 °C, 25 °C,
30 °C, 37 °C, 45 °C and 50 °C. According to their ndings the
highest LA concentration (g L−1) was found at 37 °C and lowest
at 20 °C with 43.6 and 10.12, respectively. Wang et al.23 indicated
Table 2 Analysis of variance (ANOVA) and regression analysis for factor

Term Sum of squares (SS) Degrees of freedo

Analysis of variance
Blocks 3.620 2
Carbon source (%) 2100.56 2
Inoculum (%) 249.68 2
Temperature (°C) 40.22 2
pH 8.06 2
Error 68.8 70
Total SS 2470.94 80
Regression analysis
Model 2398.52 8
Residual 72.42 72
Total 2470.940 80

a *Values are signicant at p < 0.05.

746 | Sustainable Food Technol., 2024, 2, 741–749
a pH range of 6.0–7.0 for LA production using L. casei, which is
similar to our present study. However, Ha et al.20 suggested pH
5.5 as the optimum for LA production using L. helveticus.
Similarly, Hofvendahl and Hahn-Hagerdal24 reported that
almost 95 percent lactose conversion up to 33.48 g L−1 lactic
acid production (w/v) with an initial medium pH of 6.5.

3.3. Fitting and verication of the model used for lactic acid
production

An Analysis of Variance (ANOVA) test was used to determine
whether experimental results are signicant and to determine
whether to reject null hypothesis or to accept alternate hypoth-
esis. It was also observed that main effects (linear and quadratic)
such as carbon source concentration (%), inoculum level (%),
temperature (°C) and pH were statistically signicant (p < 0.005)
in comparison to interactive effects among the factors tested
which are graphically represented using normal probability plot.
This plot illustrates themagnitude, direction and the importance
of the effects and interactive effects of the independent variables
on the dependant variable i.e. lactic acid production. Effects
which are farther from the value zero (0) of the x-axis show
statistically signicant effect on the dependant variable or
response i.e. lactic acid production. Therefore, main effects such
as carbon source and inoculum level showed a statistically
signicant linear effect on lactic acid production (ESI Fig. 2†).

Effects estimate of all the four factors tested, indicated
a highly signicant (p < 0.005) positive relationship and ranked
in the order; carbon source concentration (%) > inoculum level
(%) > temperature (°C) > pH (ESI Tables 3 and 4†). Data ob-
tained from factorial design was assessed statistically for
univariate ANOVA (main effects only) using least signicant
difference (LSD). ANOVA values of LA production for factorial
design is shown (Table 2). Signicance level of each regression
coefficient for LA production was obtained based on the p-value
of F-test by regression analysis (ANOVA) (Table 2). A lower p-
value (p < 0.05) for a given coefficient indicates a more signi-
cant effect of that coefficient on the LA production. The high
coefficient of determination, R2 = 97.06 percentage, indicated
that the model is a good t for the experimental data and
ial design of lactic acid production (g L−1)a

m (DF) Mean square (MS) F-Value p-Value

1.810 3.765 0.029719*
1050.28 1068.599 0.000000*
124.84 127.017 0.000000*
20.11 20.461 0.000000*
4.03 4.1 0.020705*
0.983

580.93 298.08 0.000000
1.0058

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suggested a close relationship between the experimental data
and the predicted values. An R2 value greater than 75 percent
indicates a high degree of aptness and quality of the model at
a signicance level of 0.0005%. In the present study, the R2

value suggests that the quadratic model can explain more than
95 percent of the variability in the response, which indicates
that the model is highly suitable for explaining the experi-
mental data. The expected versus residual values of LA
production clustered around the diagonal line (ESI Fig. 3†),
indicating a close relationship between the experimental and
predicted values and a satisfactory model for the optimization
of LA production. Overall, the results suggest that the model is
highly effective in predicting LA production, and the coeffi-
cients with lower p-values are the most signicant for opti-
mizing LA production.

3.4. Effect of media components and culture conditions on
lactic acid production

Contour and surface plot for desirability based on quadratic t
for lactic acid production (g L−1) is shown (ESI Fig. 4 and 5†).
Behaviour of LA production (above) and desirability function
(below) with changes in experimental conditions and carbon
source concentration (sugarcane bagasse) is shown (ESI Fig. 6†).
The horizontal dotted line on the response graph shows the
highest LA production achieved by this model (22.508). The
horizontal line on the desirability graph indicates the
maximum achieved desirability (0.958). The vertical lines
correspond to the approximate optimal value of the factors i.e.
the parameters at which the maximum value for LA production
and desirability is achieved: 5.0 (%) cane bagasse, 5.0 (%)
inoculum level, 35.0 °C and 7.0 pH; at this specied levels LA
production was 22.5 (g L−1). The desirability function between
0 and 1 indicates the degree of performance for the predicted
response with the given factors corresponding value and the
mean value of the remaining factors.

3.5. Characterization of lactic acid

3.5.1. Identication using TLC and HPLC analysis. Lactic
acid obtained was analysed using TLC in order to screen for LA
production. Presence of LA was visualized as a red spot using an
indicator dye (combination of methyl red and bromophenol
blue). LA produced by Limosilactobacillus fermentum DFRM8
(retention factor 0.52) was compared with lactic acid standard
(retention factor 0.52) (ESI Fig. 7†). Chen et al.25 carried out thin
layer chromatography for genus identication of Bidobacte-
rium in comparison with other lactic acid bacterial strains and
got retention factor for lactic acid in a range of 0.35–0.54.

Culture free supernatant of three cultures such as Lactoba-
cillus plantarum DFR4, Pediococcus acidilactici DFR5 along with
Limosilactobacillus fermentum DFRM8 were partially puried by
precipitation method using 50 percent (w/v) ammonium
sulphate and n-butanol to obtain LA. They were also screened
for the presence of LA using HPLC. HPLC chromatogram was
obtained for the standard lactic acid and partially puried LA
obtained using the isolate Limosilactobacillus fermentum
DFRM8. Isolate DFRM8 showed the presence of LA at
© 2024 The Author(s). Published by the Royal Society of Chemistry
a retention time of 3.953 minutes with the highest concentra-
tion in comparison with other cultures tested (ESI Fig. 8 a and
b†). Zamanova et al.26 carried out simultaneous HPLC-UV
determination of ethyl acetate, lactide, lactic acid and glycolic
acid, glycolide monomers for production of biodegradable
polymers. They carried out HPLC using reversed phase C-18
column and the samples were analyzed. From their study, the
peak corresponding to retention time 4.99 minutes was iden-
tied as LA. They also conducted analysis of glycolic acid which
had a retention time of 4.69 minutes. Bai et al.27 in their study
determined organic acids in fermentation medium of Rhizopus
oryzae using Wakosil II 5C18RS column using 0.01 mol L−1

phosphoric acid (pH 2.5) as the mobile phase with a ow rate of
1.0 mL min−1 and UV detection at 210 nm. The retention time
of LA was found to be 3.820 minute.

4. Conclusions and future prospects

Lactic acid producing L. fermentum DFRM8 isolated in the
current investigation could be used for microbial lactic acid
production. The optimized fermentation medium using sugar-
cane bagasse can be considered as a suitable cost effective
regional substrate for up scaling lactic acid production. Scal-
ability and optimisation of the LA production on larger scale
using fermenter systems would be useful as L. fermentum has
GRAS status and applications such as food preservatives,
immunity booster, as well as biomedical use as an alternative
for antibiotics. The generated lactic acid could be used as
a precursor for synthesis of Poly Lactic Acid (PLA), a biode-
gradable polymer comprising of lactic acid monomers for the
development of green composites, based on agro residues such
as (banana ber, corn cob powder, paddy husk, coffee berry
waste), for food applications is being explored in our laboratory.
Creation of microbial consortia of LAB and investigation of
their adaptability to various agro-industrial residues will
contribute to expansion of versatility and efficiency of the
proposed approach for LA production.
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