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ABSTRACT

Bagasse, a by-product of the sugar industry, contains cellulose and hemicellulose that can be converted into glucose
and xylose through acid hydrolysis, offering a valuable carbon source for lactic acid fermentation. This study aims to
optimize lactic acid production from bagasse hydrolysate under static fermentation conditions using Lactobacillus
casei B75. The effects of inoculum concentration (5-15%), substrate concentration (5—15 mg/mL), and fermentation
time (12-72 hours) on reducing sugar content and lactic acid yield were evaluated using a Response Surface
Methodology (RSM) - Box-Behnken Design (BBD). Optimal conditions—15% inoculum, 15 mg/mL substrate, and
72-hour fermentation—resulted in 0.37 mg/mL of reducing sugar and 9.72 mg/mL of lactic acid. These findings
demonstrate the potential of L. casei to efficiently convert bagasse hydrolysates into lactic acid, supporting the
sustainable use of agricultural residues for biochemical production. The study highlights the effectiveness of RSM -
BBD in optimizing fermentation, offering a viable approach for utilizing low-cost biomass in value-added product
generation.
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INTRODUCTION

Lactic acid production from lignocellulosic biomass has attracted significant global interest due to its
extensive applications in the food, pharmaceutical, and chemical sectors.!* Lignocellulosic biomass, such
as bagasse, is rich in cellulose and hemicellulose, making it a cost-effective feedstock for lactic acid
fermentation.> Bagasse can be converted into monomeric sugars through chemical and biochemical
processes. Chemical methods, such as hydrolysis with acids like sulfuric or hydrochloric acid, effectively
break down the complex structure of bagasse, releasing fermentable sugars.* These sugars serve as
substrates for lactic acid bacteria during fermentation, where microbial processes are preferred due to their
sustainability and the milder conditions required compared to chemical synthesis.’

Lactobacillus casei is widely used in lactic acid production due to its ability to utilize diverse substrates
and adapt to various fermentation strategies. It thrives at 37°C and tolerates a wide pH range, making it
ideal for efficient, cost-effective, and sustainable industrial processes. The fermentation process optimizes
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lactic acid yield and concentration by controlling key parameters such as substrate concentration, nutrients,
temperature, pH, inoculum size, fermentation time, and oxygen levels. ©® The fermentation of various
substrates by L. casei has been extensively studied, including fruit waste, bagasse, cassava starch
hydrolysate, date pomace, and whey.’!! L. casei is well-adapted to metabolize different carbon sources and
can effectively process sucrose at concentrations as high as 100 g/L.!> Optimal concentration ranges,
however, vary depending on the substrate. For example, simple sugars like glucose or lactose generally
require lower concentrations (approximately 10-20 g/L) to prevent inhibition, while more complex
substrates, such as agricultural residues, can tolerate higher concentrations, up to 55 g/L.'* Most lactic acid
fermentations using various Lactobacillus cultures are conducted over 48—72 hours to achieve effective
yields. '* However, the use of bagasse with L. casei remains limited. The application of numerical
optimization techniques, such as Response Surface Methodology (RSM), has proven effective in
identifying optimal conditions for lactic acid production, significantly reducing production costs. '5'7 RSM
- BBD are widely used for optimizing fermentation processes by systematically varying key parameters,
such as substrate concentration, inoculum concentration, and fermentation time, to determine the optimal
conditions for lactic acid production using bagasse hydrolysate as a substrate. This study uniquely applied
RSM - BBD for static fermentation, a relatively underexplored approach. Furthermore, integrating
fermentation processes to maximize yield while minimizing resource consumption improves lactic acid
production's sustainability and enhances process efficiency and economic feasibility of lignocellulosic
feedstocks.
EXPERIMENTAL

Materials

Bagasse was obtained from a state-owned Indonesian agricultural company in Bandar Lampung, Indonesia.
Lactobacillus casei BT75, sourced from the Indonesian Culture Collection (InaCC). De man, rogosa, Sharpe
(MRS) Broth, MRS Agar, yeast extract, and 3,5-dinitro salicylic acid were purchased from Himedia, India.
L-lactic Acid standard, D-glucose standard, hydrochloric acid (HCI), glycerol, potassium sulfate, peptone,
yeast extract, ammonium sulfate, dipotassium hydrogen phosphate, magnesium sulfate heptahydrate,
potassium dihydrogen phosphate, and calcium carbonate were purchased from Merck, USA.

Preparation Microorganism and Culture Medium
L. casei B75, a prominent L (+) lactic acid producer, was preserved in microtubes with MRS medium
supplemented with 20% glycerol at -80°C. Before inoculation, the strain was twice propagated in an MRS
medium at 37°C for 24 hours under static conditions.

Preparation and Cultivation of Lactobacillus Casei B75 for Experimental Use

Rejuvenation of L. casei B75 began by inoculating a loopful of glycerol stock onto slanted MRS agar,
followed by incubation at 37°C for 24—48 hours. A loopful of culture from the agar plate was inoculated
within 50 mL of MRS broth and incubated at 37°C for 20-24 hours, resulting in a bacterial concentration
of 19 x 10° CFU/mL.

Bagasse Hydrolysis

Based on a modified version of Laopaiboon’s method'®, acid hydrolysis was performed by treating 5 g of
bagasse with 100 mL of 1.4% HCI solution. The hydrolysate was prepared by heating the mixture at 121°C
for 90 minutes and filtering it afterward.

Optimization Using Box-Behnken Design and Response Surface Methodology

The development of the experimental design was performed using Design Expert (version 9.0.6.2),
employing a RSM — BBD. A quadratic model was applied with three independent variables: fermentation
time (A, 12-72 hours), inoculum concentration (B, 5-15%), and substrate concentration (C, 5-15 mg/mL)
across 17 experimental runs. The study focused on two response variables: reducing sugar content (Y ) and
lactic acid content (Y>2). The effects of the independent variables on these responses were analyzed with
95% confidence (a0 = 0.05), incorporating hypothesis testing, model evaluation, validation, and
optimization. Table-1 shows the factors and corresponding levels used in the BBD experimental setup.
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Table-1: Experimental Factors and Levels in the BBD

Levels
Factors Codes -1 0 1
Time (Hours) A 12 42 72
Inoculum Concentration (% v/v) B 5 10 15
Substrate Concentration (mg/mL) C 5 10 15

Optimization of Lactic Acid Fermentation with Bagasse Hydrolysate

30 mL substrate volume of bagasse hydrolysate, with concentrations ranging from 5 to 15 mg/mL, was
prepared in a 50 mL Falcon tube. Each sample was added with 1.5% yeast extract, 0.05% dipotassium
hydrogen phosphate, 0.2% ammonium sulfate, 1.0% peptone, 0.05% potassium dihydrogen phosphate,
0.005% magnesium sulfate heptahydrate, and 0.4% calcium carbonate. The medium underwent sterilization
in an autoclave at 121°C for 15 minutes and was subsequently allowed to cool to ambient temperature.
Subsequently, the inoculum L. casei B75 was added, and fermentation was performed at 37°C under static
conditions at pH 6.0.

Quantification of Reducing Sugars (RS) and Lactic Acid (LA) Concentration

The 3,5-dinitrosalicylic acid (DNS) assay was utilized to quantify reducing sugars.'” With D-glucose as the
standard (R? = 0.99). Measurements of absorbance at 540 nm were conducted employing an Agilent Cary
60 UV-Vis spectrophotometer (USA). High-performance liquid chromatography (HPLC) was used to
determine the lactic acid concentration in the fermentation broth. The resulting lactic acid was acidified
with 2% sulfuric acid, centrifuged at 10000 rpm, adjusted to a pH of 2-3, and filtered for HPLC analysis.
Analysis was performed using a Coregel 87H3 column (Shimadzu LC-2030C 3D Plus, Japan) paired with
a refractive index detector (Shimadzu RID-20A, Japan). The mobile phase for the analysis was 0.01 M
sulfuric acid, maintained at a flow rate of 1.0 mL/min, with the column temperature stabilized at 65°C.

RESULTS AND DISCUSSION

This study investigated the effects of inoculum concentration (microorganism quantity), substrate
concentration (nutrient availability), and fermentation time (process duration) on key response variables.
The results demonstrated that variations in inoculum and substrate concentrations significantly influenced
the levels of reducing sugars and lactic acid produced. However, fermentation time did not significantly
impact all response variables. These findings suggest that the concentration of microorganisms and
nutrients is more critical in determining outcomes. At the same time, the importance of fermentation time
may vary depending on the specific response measured. Consequently, optimizing inoculum and substrate
concentrations is essential to achieve the desired results in the fermentation process. Table-2 presents the
design and experimental results for reducing sugar and lactic acid, including both the predicted and actual
values based on the experiment conducted using the RSM BBD approach.

Table-2: Design and Experiment Results: Reducing Sugar and Lactic Acid

Experimental Range of Actual Variables Predicted and Actual Value of the Response
Standard Time Inoculum Substrate? RS LA
Order (h) Concentration Concentration . (mg/mL) ' (mg/mL)
(% v/Iv) (mg/mL) Predicted Actual Predicted Actual
1 12 10 5 1.44 1.48 7.79 7.73
2 42 5 5 -0.08 0.24 7.92 7.70
3 72 15 10 0.43 0.79 8.24 7.96
4 42 15 15 1.52 1.20 9.38 9.60
5 42 10 10 0.86 0.96 6.52 6.15
6 12 10 15 3.94 4.47 6.90 6.49
7 42 15 5 0.78 0.94 9.31 9.17
8 72 5 10 0.24 0.45 6.69 6.50
9 12 5 10 1.79 1.43 6.06 6.33
10 72 10 5 0.99 0.46 7.62 8.04
11 42 10 10 0.86 0.95 6.52 7.27
12 12 15 10 2.74 2.53 6.92 7.12
382
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13 42 10 10 0.86 0.77 6.52 7.21
14 72 10 15 0.53 0.49 9.02 9.09
15 42 10 10 0.86 0.80 6.52 6.16
16 42 5 15 1.24 1.07 8.35 8.48
17 42 10 10 0.86 0.80 6.52 5.79

The optimization process with a BBD aims to examine the relationships between three independent
variables and the response variables. RSM-BBD was employed to develop the model equations using
Design-Expert software. Reducing sugar is represented through the mathematical model shown in Equation
(1), and the model for lactic acid is presented in Equation (2).

Reducing Sugar (mg/mL) = 1.266-0.031A+0.334B+0.194C-0.001AB-0.004AC-0.005BC+0.001A*-

0.008B2+0.009C2 (1)
Lactic Acid (mg/mL) = 14.545-0.013A+0.437B+1.330C-0.001AB-0.004AC-0.004BC+0.000A2-
0.027B2+0.062C> )

The Equation comprises linear terms (A, B, C), interaction effects (AB, BC, AC), and quadratic components
(A2, B?, C?). ANOVA analysis produced p-values smaller than 0.05, signifying that the respective
coefficients in this investigation were statistically significant.

Analysis of Variance for Reducing and Lactic Acid

BBD was used to assess the impact of different factors on acid production during fermentation, with L.
casei B75 as the lactic acid-producing bacterium and glucose obtained from bagasse as the carbon source.
The fermentation time was carefully controlled to maintain consistency throughout the experiments.

Table-3: ANOVA Analysis for Reducing Sugar

Source Sum of Squares Df Mean square F-value p-value
Model 14.79 9 1.64 9.63 0.0035 Significant
A 7.45 1 7.45 43.63 0.0003
B 0.6441 1 0.6441 3.77 0.0932
C 2.11 1 2.11 12.37 0.0098
AB 0.1444 1 0.1444 0.8457 0.3884
AC 2.19 1 2.19 12.83 0.0090
BC 0.0812 1 0.0812 0.4757 0.5126
A? 1.80 1 1.80 10.52 0.0142
B? 0.1844 1 0.1844 1.08 0.3333
C? 0.1960 1 0.1960 1.15 0.3195
Lack of Fit 1.16 3 0.3873 46.50 0.0014
Pure Error 0.0333 4 0.0083
Cor Total 15.99 16

Table-3 presents the results of the ANOVA analysis for reducing sugars. It shows that both fermentation
time and substrate concentration significantly impact reducing sugar levels. The analysis highlights that
variations in these factors lead to measurable changes in reducing sugar production, with fermentation time
playing a critical role in the process's overall effectiveness. Microbes metabolize the substrate, producing
organic acids, enzymes, and secondary metabolites essential for their metabolic functions. Over time, the
accumulation of these acids, primarily acetic and lactic acids, creates increasingly acidic conditions. These
conditions influence fermentation dynamics and enzyme activity, ultimately reducing sugar production.?

Table-4 presents the ANOVA analysis for lactic acid production, showing that variations in substrate
concentration significantly influence lactic acid. The data highlights that changes in substrate concentration
lead to notable shifts in lactic acid production, implying its critical role in the biochemical processes
governing fermentation. Understanding this relationship allows for precise adjustments to substrate
concentration, enabling optimization or control of lactic acid production in fermentation processes. The
ANOVA analysis provided p-values, which indicate statistical significance when below 0.05. This shows
a 95% confidence level, supporting the model's validity under the given parameters. In this study, the
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selected model produced p-values of 0.0035 for reducing sugars and 0.0153 for lactic acid, both statistically
significant. The high coefficients of determination (R?) further validate the model’s accuracy, with R? values
of 92.52% for reducing sugars and 88.13% for lactic acid. A model is considered reliable when R? exceeds
70%."3 The predicted values closely aligned with experimental results, explaining 92.52% of the variation
in reducing sugars and 82.51% in lactic acid production.'’

Table-4: ANOVA Analysis for Lactic Acid Production

Source Sum of Squares Df Mean square F-value p-value
Model 18.90 9 2.10 5.78 0.0153 Significant
A 1.91 1 1.91 5.26 0.0556
B 2.92 1 2.92 8.04 0.0252
C 0.1290 1 0.1290 0.3548 0.5702
AB 0.1156 1 0.1156 0.3180 0.5904
AC 1.31 1 1.31 3.61 0.0993
BC 0.0320 1 0.0320 0.0879 0.7754
A? 0.2071 1 0.2071 0.5696 0.4751
B? 1.97 1 1.97 541 0.0530
C? 9.97 1 9.97 27.42 0.0012
Lack of Fit 0.7086 3 0.2362 0.5144 0.6941
Pure Error 1.84 4 0.4591
Cor Total 21.45 16

The Effect of Time Fermentation, Inoculum Concentration, and Substrate Concentration on
Reducing Sugar Response

The optimal operating conditions determined using RSM are visualized through three-dimensional plots,
including surface and contour plots. The x- and y-axes represent the tested variables in these plots, while
the z-axis indicates the response or result value derived from their interaction. The contour plot in this study
displays an ascending ridge pattern for reducing sugar, with the contour area illustrating variations in
reducing sugar yield. Each color on the plot corresponds to a specific yield level, with the darkest blue area
representing the lowest reducing sugar yield.

Fig. -1 shows the three-dimensional response surface and contour plots, which illustrate three factors'
impact on reducing sugar content. The optimal reducing sugar concentration (4.47 mg/mL) was achieved
after 12 hours of fermentation, with a 10% inoculum concentration and a 15 mg/mL substrate concentration.
Graphs (a) and (b) show a nonlinear relationship between fermentation time and inoculum concentration
on reducing sugar content. Higher inoculum concentrations required shorter fermentation times to reduce
sugar levels than lower concentrations, likely due to inhibition and reduced process efficiency. Graphs (c)
and (d) reveal a similar nonlinear relationship between fermentation time and substrate concentration.
Higher substrate concentrations required longer fermentation times to overcome end-product inhibition,
while lower substrate concentrations facilitated faster fermentation but resulted in lower reducing sugar
content (0.46 mg/mL after 72 hours). Graphs (e) and (f) depict the relationship between inoculum
concentration and substrate concentration in reducing sugar content. Higher substrate concentrations
generally enhanced the conversion of reducing sugars into lactic acid, although this effect was influenced
by inoculum concentration. The optimal conditions for reducing sugar conversion occurred at high
inoculum and substrate concentrations, while medium and low levels had a less significant impact on lactic
acid production.

The Effect of Time Fermentation, Inoculum Concentration, and Substrate Concentration on Lactic
Acid Response

The contour plot displays an ascending ridge pattern for lactic acid production, with yield variations
represented by different colors. The darkest blue area indicates the lowest lactic acid yield, while lighter
colors represent higher yields. These plots are instrumental in identifying the optimal fermentation time,
inoculum concentration, and substrate concentration needed to maximize lactic acid production under the
tested conditions.
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Fig.-1: 3D Response Surface and Contour Plots Illustrating the Impact of (a, b) Inoculum Concentration and
Fermentation Time, (c, d) Substrate Concentration and Fermentation Time, and (e, f) Substrate and Inoculum
Concentrations on RS (mg/mL).
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Fig.-2: 3D Response Surface and Contour Plots Illustrating the Impact of (a, b) Inoculum Concentration and
Fermentation Time, (c, d) Substrate Concentration and Fermentation Time, and (e, f) Substrate and Inoculum
Concentrations on LA Yield (mg/mL)

Figure-2 shows the three-dimensional response surface and contour plots, which demonstrate the influence
of three factors on lactic acid production. Optimal lactic acid production, yielding 9.60 mg/mL, was
observed after 42 hours of fermentation at a 15% inoculum concentration and a substrate concentration of
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15 mg/mL. Graphs (a) and (b) show the nonlinear relationship between inoculum concentration and
fermentation time on lactic acid production. Generally, increasing inoculum concentration and fermentation
time enhanced lactic acid yield. However, shorter fermentation times were sufficient at higher inoculum
concentrations due to inhibition and reduced efficiency. When the substrate concentration exceeds a critical
level, high consumption is required. The nonlinear effects of fermentation time and substrate concentration
on lactic acid production are represented in graphs (c) and (d). High substrate concentrations caused
substrate inhibition, reducing the microorganisms' ability to utilize the substrate.?! Higher substrate
concentrations necessitated extended fermentation durations to mitigate the effects of end-product
inhibition. Reducing the substrate concentration to 10% for a 72-hour fermentation decreased lactic acid
production to 7.96 mg/mL High inoculum and substrate concentrations achieved the highest lactic acid
yield (9.60 mg/mL). The differences in lactic acid yield were insignificant at medium and low
concentrations.

Optimal Lactic Acid Fermentation Conditions Suggested by RSM

Subsequently, mathematical models were developed to reduce sugar and lactic acid responses. These
models were employed to optimize formulas, determining the optimal combination of inoculum
concentrations, substrate concentrations, and fermentation times. This optimization procedure is considered
relative, as outlined in Table-5.

Table-5: Optimization Reducing Sugar and Lactic Acid of Fermentation Lactic Acid

Name Goal Lower Upper Low Upper Importance
Limit Limit Weight Weight
A: Time Maximize 12 72 1 1 5
B: Inoculum Maximize 5 15 1 1 5
Concentration
C: Substrate Maximize 5 15 1 1 5
Concentration
Reducing Sugar Minimize 0.24 4.47 1 1 5
Lactic Acid Maximize 5.7876 9.5964 1 1 5
Table-6: Validation of Reducing Sugar and Lactic Acid Values from Optimization Results
. Actual Sl
Response Predicted I 3 3 Average Validation
Reducing sugar (mg/mL) 0.27 0.48 0.36 0.27 0.37 72%
Lactic acid (mg/mL) 10.40 9.00 9.36 10.85 9.72 93%

Experiments were conducted following the optimal parameters suggested by the RSM-BBD model, detailed
in Table-6. The model estimated reducing sugar and lactic acid concentrations to be 0.27 mg/mL and 10.4
mg/mL, respectively. In the actual experiment, the concentrations measured were 0.37 mg/mL for reducing
sugar and 9.72 mg/mL for lactic acid. The alignment of predicted and observed values validates the
robustness and reliability of the model. This study converted bagasse hydrolysate to lactic acid under
optimized conditions, yielding a maximum concentration of 9.72 mg/mL during static fermentation at 37°C,
with a Y ps)of 0.648 mg/mg. The optimal parameters included an inoculum concentration of 15% (v/v), a
substrate concentration of 15 mg/mL, and a fermentation duration of 72 hours. This result is slightly better
than other studies of lactic acid fermentation with L.casei. Thakur et al. (2019) utilized L. casei MTCC
1423 for lactic acid fermentation, employing corn-steep liquor as a carbon source. The process was
conducted at 37°C for 72 hours without agitation, yielding a Y sy value of 0.629 mg/mg.?? This study also
shows a better result than the dynamic fermentation study. Similarly, Oonkhanond et al. (2017) obtained a
lactic acid yield of 21.3 g/L from bagasse hydrolysate under conditions of 150 rpm agitation for 120 hours,
starting with an initial reducing sugar concentration of 33.7 g/L and achieving a yield (Ys) of 0.632
mg/mg.? However, long agitation duration requires higher energy, which prevents production efficiency.
This study shows that producing lactic acid with static bagasse fermentation offers benefits such as process
simplification and lower energy requirements with a slightly better yield. This approach may be a viable
strategy for efficiently converting biomass into lactic acid.
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CONCLUSION

This study optimized fermentation conditions for lactic acid production from bagasse acid hydrolysate using
L. casei B75 under static conditions. Optimal parameters, including a 15% inoculum concentration, 15
mg/mL substrate concentration, and a 72-hour fermentation time, were identified through Response Surface
Methodology (RSM) - Box-Behnken Design (BBD). Under these parameters, lactic acid production
reached 9.72 mg/mL with Y (p/5)0.648 mg/mg, demonstrating the efficiency of L. casei B75 in converting
agricultural residues into valuable biochemicals. The findings emphasize the potential of bagasse as an
affordable and sustainable biomass source for lactic acid production while improving energy efficiency in
static fermentation processes. Future research should focus on developing efficient purification techniques
to enhance lactic acid recovery under acidic conditions. Purified L-(+)-lactic acid can then be utilized as an
eco-friendly feedstock for producing poly(lactic acid) (PLA), a biodegradable and sustainable polymer.
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