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Abstract  
On the industrial scale, the cost of commercial culture media for the production of gamma-

aminobutyric acid (GABA) is a very important factor. This study employed a low-cost substrates and by-
product from agri-food industry for GABA synthesis by Lact. futsaii CS3 at the fermenter-scale. Lact. 
futsaii CS3 cells were immobilized in 3 % (w/v) sodium alginate and employed for GABA synthesis in 
the optimal modified MRS medium (3.48 % (w/v) cane sugar, 3.84 % (w/v) tuna condensate waste and 
10.77 % (w/v) monosodium glutamate (MSG)) with the initial pH medium of 5, fermentation temperature 
at 37 °C and agitation speed at 30 rpm. During the 60th h of batch fermentation without pH control, 
immobilized Lact. futsaii CS3 efficiently transformed MSG into the highest GABA of 19.05 g/L, 
achieving the volumetric productivity of 0.32 g/L/h with a bioconversion rate of 29.01 %. To further 
enhance GABA production, MSG (7.5 % w/v) was fed into the fermenter during the 48th h of fed-batch 
fermentation, aiming to amplify GABA synthesis. The maximum GABA (26.28 g/L) was synthesized at 
84 h of fed-batch fermentation, and the volumetric productivity and a bioconversion rate of 0.31 g/L/h 
and 23.59 %, respectively, were obtained. Fed-batch fermentation significantly outperformed batch 
fermentation, resulting in a 37.95 % increase in GABA production. Moreover, immobilized Lact. futsaii 
CS3 cells could be reused in 2 batch cycles. In the 1st reusability, the maximum GABA synthesis reached 
25.94 g/L, and the volumetric productivity and a bioconversion rate of 0.31 g/L/h and 23.29 %, 
respectively, were achieved at 84 h of fed-batch fermentation. While in the 2nd reusability, GABA 
synthesis decreased to 23.29 g/L, with the volumetric productivity and a bioconversion rate of 0.28 g/L/h 
and 20.91 %, respectively, at 84 h of fed-batch fermentation. 
Keywords: Biosynthesis compound formation, Fermentation technology, Gamma-aminobutyric acid, 
Lactic acid bacteria, Microbial encapsulation, Renewable waste substrate, Tuna condensate waste 
 
Introduction 

GABA is a potent bioactive compound, a 4-carbon free amino acid, soluble in water, and widely 
distributed in microorganisms, plants and animals [1]. Predominantly found in the mammalian brain [2], 
GABA acts as a crucial inhibitory neurotransmitter in the mammalian central nervous system [1-4]. 
Beyond its neurological role, GABA exhibits potential health benefits, including the promotion of brain 
cell metabolism by increasing oxygen supply, activating cerebral blood flow and inhibiting vasopressin 
secretion [2]. Additionally, GABA has shown promise in health treatments, such as improving 
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sleeplessness and depression [1,4,5], enhancing immunity, modulating blood pressure [1], regulating 
cardiovascular function [2], promoting growth hormone secretion, preventing diabetes [4,5] and serving 
as a treatment for stroke [2]. Furthermore, GABA plays a role in regulating neurological disorders like 
Parkinson’s disease, Huntington’s chorea and Alzheimer’s disease [2,6]. 

Microorganisms, especially lactic acid bacteria (LAB), are significant sources of GABA, 
synthesizing it from glutamate through pyridoxal-5’-phosphate (PLP)-dependent glutamate decarboxylase 
(GAD) [4-6]. Various LAB, including species of Lactobacillus [1,6-9] and others genera like 
Streptococcus, Enterococcus, Leuconostoc, Pediococcus, Propionibacterium and Weissella, have been 
identified as GABA producers [1,10]. Strategies for efficient GABA production by LAB have been 
developed, including various fermentation techniques (batch, fed-batch and mixed fermentations), as well 
as resting and immobilized cells technologies [11]. Immobilized cell technology, which involves 
embedding and coating techniques, is particularly promising for its potential benefits, such as increased 
microbial cells viability [12], simplified purification processes and enhanced long-term operational 
stability [11,13,14]. Materials commonly used for entrapment immobilization include calcium alginate, 
agar, agarose, kappa-carrageenan, collagen, chitosan, cellulose, maltodextrin and whey protein isolate 
[15,16]. Alginate consists of calcium, magnesium and sodium salts of alginic acid [17], a naturally 
derived polysaccharide extracted from brown algae cell walls, and is composed of β-D-mannuronic and 
α-L-guluronic acids [18]. Alginate has been extensively used for immobilization in forms such as 
xanthan-alginate beads, alginate-polyacrylamide gels, calcium alginate beads and sodium alginate beads 
promoting enzymatic activity, microbial cells viability and reusability in both laboratory and industrial 
processes [17,19].  

Despite the potential of microbial GABA production using glutamate as a substrate, challenges 
including the high costs of the commercial culture media and the proficiency of GABA production. The 
De Man, Rogosa and Sharpe (MRS) medium, commonly used for lactobacilli cultivation [20], is a simple 
medium for GABA production by LAB. However, to improve the overall economy of the production 
process, alternative low-cost substrates and by-products from the agri-food industry are necessary. Tuna 
condensate waste or tuna precooking water is a by-product from the precooking process of tuna fish at 
100 °C for about 1 h in the tuna canning industry. It is suggested as a potential nitrogen source due to its 
nutrient-rich compositions, abundant N-containing compounds and omega-3 fatty acids [21,22]. 

Previous studies have shown that Lact. futsaii CS3 (accession no. AB839950), isolated from Kong-
Som, a Thai traditional fermented shrimp, has the ability to produce GABA. Kong-Som is rich in glutamic 
acid, which serves as the substrate for GABA biosynthesis by LAB [23]. In our previous work, Lact. 
futsaii CS3 demonstrated high GABA production using cane sugar as a carbon source and tuna 
condensate waste as a nitrogen source in an optimized modified MRS medium under optimal GABA-
producing conditions [22]. However, challenges related to microbial cells viability, such as pH, acids, 
osmolarity [24] and other factors within the tuna condensate waste [22], necessitated the immobilization 
of Lact. futsaii CS3 cells. This study aims to present new strategies involving low-cost substrates and by-
product for GABA production, utilizing cane sugar and tuna condensate waste in an optimized modified 
MRS medium, with MSG as a substrate. The process involves the fermentation of immobilized whole 
cells of Lact. futsaii CS3 at the fermenter-scale, encompassing batch and fed-batch fermentation 
processes.  
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Materials and methods 
Microbial preparation 
Lact. futsaii CS3 (accession no. AB839950) was previously isolated from Kong-Som (Thai 

traditional fermented shrimp) based on its capacity to produce high concentrations of GABA from MSG 
[23]. This strain was cultured in MRS broth (2 % D-glucose, 0.4 % yeast extract, 1 % peptone, 0.8 % beef 
extract, 0.5 % CH3COONa, 0.2 % K2HPO4, 0.1 % Tween 80, 0.2 % C6H17N3O7, 0.02 % MgSO4·7H2O, 
0.005 % MnSO4·4H2O and 2 % NaCl) at 37 °C for 24 h without agitation. 

 
Immobilization of Lact. futsaii CS3  
Cell preparation  
The 1 % (v/v) seed culture of Lact. futsaii CS3 was cultivated in 300 mL MRS broth in a 500-mL 

Erlenmeyer flask and cultivated without agitation at 37 °C for 24 h to achieve a cell density of 1010 

cfu/mL. Lact. futsaii CS3’s cells were harvested by centrifugation at 8,000 rpm for 20 min at 4 °C. Then, 
cell pellets were washed with 0.85 % (w/v) sterile NaCl (pH 5.5). 

 
Immobilization of Lact. futsaii CS3  
Cell pellets were suspended in varying concentrations of sodium alginate (1, 2, 3 and 4 % w/v) 

(Wako Pure Chemical Industries, Osaka, Japan), then stirred on a magnetic stirrer plate (600 rpm, 30 
min). After that, cell suspension was dropped through a 27G syringe needle into 0.1 M CaCl2 (the 
distance between the syringe needle and CaCl2 solution was 5 cm) by using a peristaltic pump with a flow 
rate of 0.5 mL/min. The resulting gel beads were allowed to stand at room temperature for 1 h to ensure 
complete gelification. Immobilized Lact. futsaii CS3 beads were harvested by filtration (Whatman No. 4, 
filter paper, Fisher Scientific) and rinsed with 0.85 % (w/v) sterile NaCl (pH 5.5) and stored in 0.1 % 
(w/v) peptone water (pH 5.5) at 4 °C for further analysis. The immobilized beads made from various 
concentrations of sodium alginate, which showed the strongest structure under fermenter conditions, were 
chosen for further GABA production. 

 
Enumeration of various immobilized Lact. futsaii CS3 

One g of the immobilized beads was mixed in phosphate buffer saline (pH 7.0). This step aimed to 
homogenize the microencapsules, breaking the polymer formed and releasing the immobilized culture 
into this buffer. The released cells were diluted to appropriate concentrations and enumerated using MRS 
medium at 37 °C for 24 h. Enumeration was performed using the spread-plate method, and the 
immobilized Lact. futsaii CS3 cells were enumerated as cfu/g.  

 
GABA production by immobilized whole cells of Lact. futsaii CS3 in the fermenter by batch 

and fed-batch fermentation processes 
GABA production with immobilized whole cells of Lact. futsaii CS3 in both batch and fed-batch 

fermentation processes were performed by using the optimized modified MRS medium contained 3.47 % 
(w/v) cane sugar (commercial grade; Mitr Phol, Bangkok, Thailand), 3.84 % (w/v) tuna condensate waste 
(Chotiwat Manufacturing Co., Ltd., Songkhla, Thailand), 10.77 % (w/v) MSG (commercial grade; 
Ajinomoto, Bangkok, Thailand), 0.5 % (w/v) CH3COONa, 0.2 % (w/v) K2HPO4, 0.1 % (w/v) Tween 80, 
0.2 % (w/v) C6H17N3O7, 0.02 % (w/v) MgSO4·7H2O, 0.005 % (w/v) MnSO4·4H2O and 2 % (w/v) NaCl 
[22]. The batch fermentation, 10 % (w/v) of encapsulated cells contained approximately 1011 cfu/g in gel 
beads was inoculated into a 2-L of the optimized modified MRS medium (pH 5) in a 3-L fermenter 
(BEM-MDL Series, B.E. Marubushi Co., Ltd., Chiyoda, Japan). The optimized modified MRS medium 
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(pH 5) was used for GABA production at 37 °C with agitation speed 30 rpm for 72 h of batch 
fermentation [22]. The fed-batch fermentation was also carried out in a 3-L fermenter under following 
conditions: 2-L of the optimized modified MRS medium (pH 5), 10 % (w/v) of encapsulated cells (~1011 
cfu/g), temperature at 37 °C, agitation speed of 30 rpm and fermentation time of 96 h. When the MSG 
concentration in the fermented broth was reduced to less than 10 % (w/v), sterile MSG (7.5 % w/v) was 
added to the fermenter at 48 h during the fed-batch fermentation process. This was done to enhance 
GABA production, without inhibit GAD enzyme activity and microbial cell growth. GABA content and 
residual MSG concentrations in the fermented broths at each time of batch and fed-batch fermentation 
processes were determined by HPLC analysis. Moreover, bacterial cells in gel beads were enumerated as 
cfu/g. 

 
Fed-batch fermentation reusability and cell survivability of the immobilized whole cells of 

Lact. futsaii CS3 on GABA production 
Fed-batch fermentation reusability was performed by decanting the spent optimized modified MRS 

medium for every 84 h and replaced the fresh optimized modified MRS medium with initial pH values of 
5 after washing the immobilized whole cells of Lact. futsaii CS3 with 0.85 % (w/v) sterile NaCl. Only 
completed immobilized beads were used for this reusability experiment. The fermentation process was 
repeated in a 3-L fermenter under following conditions: 2-L of the optimized modified MRS medium (pH 
5), temperature at 37 °C, agitation speed of 30 rpm, sterile MSG (7.5 % w/v) was fed into the fermenter at 
48 h of fed-batch fermentation and fermentation time of 84 h until the immobilized beads was 
disintegrated. GABA content and residual MSG concentrations were determined by HPLC analysis and 
microbial cells survivability in gel beads after each cycle was enumerated as cfu/g. 

 
Analysis of GABA 
High-performance liquid chromatography (HPLC) analysis of GABA and MSG  
The concentrations of GABA and residual MSG were analyzed using HPLC by derivatizing the 

culture broth supernatant with ortho-phthalaldehyde (OPA) (Sigma-Aldrich, Steinheim, Germany) 
solution. HPLC determination was operated with an Agilent Technologies 1200 series binary pump, 
autosampler and a fluorescence detector (FLD) equipped with an automatic liquid sampler and injector 
program. Hypersil ODS C18 column (particle size 5 μm, length 250 mm, internal diameter 4.6 mm) was 
used as the HPLC column, which was thermostatted at 40 °C. The HPLC mobile phase was comprised 
potassium phosphate buffer (1M, pH 7) as mobile phase A, while acetonitrile as mobile phase B. 
Absorbance was detected at 330 nm (λ excitation) and 440 nm (λ emission) [22]. 

 
Determination of the volumetric productivity 
The volumetric productivity (g/L/h) was calculated by the following formula: 
 

Volumetric productivity = GABA content (g/L)/GABA production times (h)                        (1) 
 
Determination of a bioconversion rate 
The bioconversion rate (%) was calculated by the following formula: 
 

Bioconversion rate (%) = Final GABA concentration (mM)×100/Initial MSG concentration (mM)        (2) 
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Statistical analysis 
All experiments were conducted in triplicate, and the results were reported as mean ± standard 

deviation (mean ± SD). The Statistical Package for Social Sciences (IBM SPSS Statistic) program was 
used to analyze significant differences (p < 0.05, indicating statistical significance). Microsoft Excel 2010 
software was employed to create column and line graphs. 
 
Results and discussion 

GABA production by immobilized whole cells of Lact. futsaii CS3 in the fermenter by batch 
and fed-batch fermentation processes 

Lact. futsaii CS3, isolated from Kong-Som, a traditional Thai fermented shrimp rich in glutamic 
acid, exhibited robust GABA-producing capabilities [23]. LAB, including Lact. futsaii CS3, catalyze the 
irreversible α-decarboxylation of L-glutamate through a GAD system, contributing to pH homeostasis 
and releasing GABA into the culture medium [11]. In previous studies, Lact. futsaii CS3 demonstrated 
high efficiency in converting MSG in MRS broth to GABA, achieving over 99 % conversion within 72 h 
[23,25]. Factors such as temperature, pH, cultivation time and culture media significantly influenced 
GABA production by Lact. futsaii CS3. Optimal conditions, identified in previous work, involved the use 
of low-cost substrates (cane sugar, tuna condensate waste and MSG) in an optimized modified MRS 
medium without pH control [22]. Under these conditions, GABA concentrations of 20.63 and 17.24 g/L 
were obtained in flask-scale and fermenter-scale on batch fermentation at 48 h, respectively. Fed-batch 
fermentation further increased GABA concentrations to 23.01 g/L at 72 h [22]. 

The present work utilized these optimal conditions to achieve high GABA concentrations from 
immobilized Lact. futsaii CS3 cells (approximately 1.34×1011 cfu/g) in batch and fed-batch fermentations. 
In this study, 3 % (w/v) sodium alginate was selected for immobilizing whole cells of Lact. futsaii CS3, 
resulting in spherical beads approximately 0.2 cm in diameter. These beads demonstrated the highest 
strength when applied in an agitated fermenter. Sodium alginate concentration of 1 and 2 % (w/v) also 
produced spherical beads, but these beads had thinner walls and could not withstand the agitation speed in 
the fermenter, leading to bead breakage and acidification of fermented broth. On the other hand, 4 % 
(w/v) sodium alginate resulted in a highly viscous, making it difficult thoroughly without forming 
bubbles. This produced spherical beads, but hindered MSG diffusion into the gel beads. Immobilized cells 
in sodium alginate beads exhibited GABA production increasing with fermentation time. In batch 
fermentation without pH control, GABA production increased steadily, reaching 19.05 g/L at 60 h, with 
the volumetric productivity of 0.32 g/L/h and a bioconversion rate of 29.01 %. Notably, GABA levels 
plateaued after 60 h, corresponding to a bacterial cell count of 9.3×108 cfu/g and remaining MSG 
concentration of 12.74 g/L (Table 1 and Figure 1(a)).  

A pH decreased from 5 to 3.98 during batch fermentation correlated with increased GABA 
production. This aligns with findings in Lact. buchnerii and Lact. plamtarum FNCC 260, where optimal 
GABA production occurred at a pH below 4.0 [26]. Microbial GAD activity, crucial for GABA 
formation, thrives in the pH range of 3.5 - 5.0 [1]. The pH drop observed here was attributed to lactic and 
acetic acids formation during microbial cultivation [27]. 

In fed-batch fermentation (without pH control), where substrate feeding compensates for initial 
limitations, GABA production was enhanced. MSG was supplemented into a fermenter when MSG 
concentration in the fermented broth was reduced to less than 10 % (w/v). The addition of MSG (7.5 
% w/v) at 48 h led to a maximum GABA synthesis of 26.28 g/L at 84 h, with the volumetric productivity 
of 0.31 g/L/h and a bioconversion rate of 23.59 %. The residual MSG in the fermented broth remained at 
9.34 g/L, and bacterial cells within the sodium alginate beads were enumerated as 1.10×108 cfu/g. 
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Compared to the batch fermentation process, fed-batch fermentation demonstrated a 37.95 % increase in 
GABA production (Table 2 and Figure 1(b)). Figure 2 displays the GABA contents in the fermented 
broths of batch and fed-batch fermentations as measured by the HPLC analysis. 

Batch fermentation, though common, has limitations, such as substrate inhibition and lower 
substrate concentrations. Fed-batch fermentation, introduced in this study, compensated for these 
limitations by feeding substrates during the process. The approach effectively increased GABA 
productivity and demonstrated its advantages in sustaining microbial cells viability [28]. GABA 
production via microbial cells faces challenges, including GABA transaminase (GABA-T)-mediated 
conversion of GABA to succinic semialdehyde (SSA) [1,8,14,26,27]. Fed-batch fermentation mitigates 
these challenges by improving microbial cell viability [8]. Adjusting the pH to optimal alkaline conditions 
was crucial for blocking GABA-T activity, ensuring sustained GABA production [2,14]. 

Supplementation of MSG in GABA production is crucial, as LAB typically do not synthesize 
enough L-glutamate [1,29]. MSG, acting as a substrate and pH buffer, prevents medium pH decrease 
[10,30]. The optimal MSG concentration varies among microorganisms. Excessive MSG can inhibit 
GABA production, as observed in this study and in previous research [2,10,22,31]. 

Interestingly, GABA production by immobilized Lact. futsaii CS3 cells remained constant after 60 
and 84 h in batch and fed-batch fermentations, respectively. This stability suggested that GABA was not 
utilized as a nutrient during prolonged cultivation, possibly due to the absence of GABA-T in Lact. futsaii 
CS3, which degrades GABA. The study observed the necessity of adjusting the pH to an optimal alkaline 
range to block GABA-T activity and ensure sustained GABA production.  

In conclusion, the results underscore the potential of immobilized Lact. futsaii CS3 for efficient 
GABA production in fed-batch fermentations, offering insights into the factors influencing GABA 
synthesis and the advantages of fed-batch strategies. The study contributes valuable information for 
optimizing GABA production processes and advancing the industrial application of immobilized 
microbial cells in biocatalytic conversions. 

 
 

Table 1 GABA production from immobilized whole cells of Lactobacillus futsaii CS3 in the optimized 
modified MRS medium (pH 5.0) without pH control during batch fermentation at the fermenter-scale.  

 
Fermentation time 

24 h 36 h 48 h 60 h 72 h 

Residual MSG (g/L) 22.05 ± 0.13a 21.91 ± 0.07a 19.27 ± 0.02b 12.74 ± 0.07c 12.50 ± 0.27c 

GABA (g/L) 2.41 ± 0.01d 9.70 ± 0.06c 13.09 ± 0.09b 19.05 ± 0.10a 19.00 ± 0.05a 

Volumetric productivity (g/L/h) 0.10 ± 0.03c 0.27 ± 0.05b 0.27 ± 0.06b 0.32 ± 0.08a 0.26 ± 0.02b 

Bioconversion rate (%) 3.67 ± 0.02d 14.77 ± 0.04c 19.93 ± 0.05b 29.01 ± 0.07a 28.93 ± 0.03a 

Gel beads (cfu/g) 1.04×1010a 9.70×109b 1.30×109c 9.30×108d 5.05×108e 

 
Note: aValues represent the mean ± SD of triplicate determinations (n = 3). Different superscripts in the same column 
of each factor indicate significant differences (p < 0.05). 
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Table 2 GABA production from immobilized whole cells of Lactobacillus futsaii CS3 in an optimized 
modified MRS medium (pH 5) during fed-batch fermentation process without pH control. 
 

 
Fermentation time 

24 h 36 h 48 h 60 h 72 h 84 h 96 h 

Residual MSG (g/L) 22.26 ± 0.08a 21.95 ± 0.02a 19.15 ± 0.11b 11.82 ± 0.19c 9.43 ± 0.03d 9.34 ± 0.12d 9.32 ± 0.07d 

GABA (g/L) 2.26 ± 0.06f 9.82 ± 0.03e 14.39 ± 0.28d 19.16 ± 0.08c 21.78 ± 0.05b 26.28 ± 0.13a 26.19 ± 0.13a 

Volumetric productivity (g/L/h) 0.09 ± 0.05c 0.27 ± 0.07b 0.30 ± 0.04a 0.32 ± 0.09a 0.30 ± 0.06a 0.31 ± 0.09a 0.27 ± 0.07b 

Bioconversion rate (%) 3.44 ± 0.07f 14.95 ± 0.08e 21.91 ± 0.11b 17.20 ± 0.04d 19.55 ± 0.06c 23.59 ± 0.14a 23.51 ± 0.08a 

Gel beads (cfu/g) 1.02×1010a 9.75×109b 1.56×109c 9.20×108d 4.90×108e 1.10×108f 9.60×107g 

Note: aValues represent the mean ± SD of triplicate determinations (n = 3). Different superscripts in the same column of each factor 
indicate significant differences (p < 0.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 GABA production from immobilized whole cells of Lactobacillus futsaii CS3 in the optimized 
modified MRS medium (pH of 5) without pH control during batch fermentation (a) and fed-batch 
fermentation (b) at the fermenter-scale. Data presented are the mean of independent triplicates, and the 
error bars on data points represent standard errors. 

(a) 
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Figure 2 HPLC chromatograms of standard GABA (a) and GABA produced by immobilized 
Lactobacillus futsaii CS3 in the optimized modified MRS medium (pH 5.0) without pH control at 60 h of 
batch fermentation (b) and at 84 h of fed-batch fermentation (c) at the fermenter-scale. 
 
 

Fed-batch fermentation reusability and cell survivability of the immobilized whole cells of 
Lact. futsaii CS3 on GABA production 

The investigation into the reusability and survivability of Lact. futsaii CS3’s immobilized cells 
during GABA production under fed-batch fermentation revealed a gradual decrease in bacterial cell 
counts within sodium alginate beads over cultivation time. HPLC analysis confirmed GABA production 
by the reused immobilized Lact. futsaii CS3 cells, with a retention time of GABA at ~15.7 min (Figure 
3).  

In the 1st reusability cycle, maximum GABA synthesis reached 25.94 g/L, with a volumetric 
productivity of 0.31 g/L/h and a bioconversion rate of 23.29 % at 84 h. Bacterial cells within the sodium 
alginate beads were enumerated as 2.03×106 cfu/g, and residual MSG in the fermented broth remained at 
9.34 g/L. However, during the 2nd reusability cycle with the same immobilized cells (2.03×106 cfu/g) after 
the 1st cycle, GABA synthesis decreased to 23.29 g/L, with a volumetric productivity of 0.28 g/L/h and a 
bioconversion rate of 20.91 %. Residual MSG in the fermented broth remained at 12.05 g/L at 84 h of 
fed-batch fermentation (Table 3 and Figure 4). The decline in the 2nd cycle may be attributed to 
decreased cell viability within sodium alginate beads (4.80×103 cfu/g) (Table 3). Similar studies have 
reported a decrease in GABA production by immobilized Enterococcus faecium CFR 3003 after multiple 
batch cycles, attributed to a decline in bacterial cell count within gel beads [13]. In the 2nd reusability 
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cycle, the immobilized beads of Lact. futsaii CS3 started to disintegrate at 60 h, completely disintegrating 
by 84 h of fed-batch fermentation. This suggests that the immobilized whole cells of Lact. futsaii CS3 in 
3 % (w/v) sodium alginate beads can only be effectively reuse for 2 batch cycles in fed-batch 
fermentation for GABA production. Entrapment technique limitations include gel bead disruption from 
pressure generated by dividing microbial cells and the accumulation of inhibitory products due to 
diffusion restrictions within and outside the gel layer [16]. Additionally, alginate beads are sensitive to the 
acidic environment [18]. Nevertheless, this defect can be compensated by mixing alginate with other 
polymer compounds, coating the beads by another compound, or applying structural modification of 
alginate by using different additives [32]. 

In both batch and fed-batch fermentations, immobilized whole cells of Lact. futsaii CS3 produced 
more GABA than Lact. futsaii CS3’s seed culture. However, cultivation time for GABA synthesis with 
immobilized whole cells was longer due to mass transfer limitations between bacterial cells in sodium 
alginate beads and the substrate, MSG. The highest GABA concentrations, 19.05 and 26.28 g/L, were 
achieved from Lact. futsaii CS3’s immobilized cells at 60 h of batch fermentation and 84 h of fed-batch 
fermentation, respectively. In comparison, the maximum GABA concentrations from the seed culture of 
Lact. futsaii CS3 were 17.24 g/L at 48 h of batch fermentation and 23.01 g/L at 72 h of fed-batch 
fermentation [22]. 

The use of immobilized cells provides advantages in enhancing process stability during cultivation 
in challenging environments [33,34]. Immobilized cells offer potential for simpler and more cost-
effective commercial implementation. However, the reusability of immobilized cells is a crucial factor 
influencing their industrial application. The entrapping material nature impacts microbial enzyme 
activity; for instance, gellan gum demonstrated increased GAD activity compared to agar and κ-
carrageenan [11,15]. Alginate, a cost-effective and non-toxic gel matrix, is commonly used for 
immobilization due to its ease of handling and the ability to release cells by sequestering calcium ions. 
Alginate is derived from brown algae cell walls and is recognized as a food additive [19]. Sodium 
alginate has been widely employed in various forms for immobilization, demonstrating improved enzyme 
activity, cell viability and reusability [17].  

It is noteworthy that utilizing cane sugar as a carbon source and tuna condensate waste as a nitrogen 
source enabled the immobilized cells of Lact. futsaii CS3 to achieve remarkably high GABA levels in 
both batch and fed-batch fermentations (19.05 to 26.28 g/L). This outperforms reported concentrations for 
other immobilized strains, such as Lact. brevis GadA▲C14 immobilized cells produced GABA 
concentrations of 9.13, 7.95 and 7.41 g/L with gellan gum, κ-carrageenan and agar, respectively [11]. 
Another study with immobilized Lact. brevis CGMCC 1306 cells in calcium-alginate beads produced 
GABA at a concentration of approximately 80 mM [14]. 

In conclusion, this study sheds light on the 2-batch cycles reusability of Lact. futsaii CS3’s 
immobilized cells in GABA production and emphasizes the impact of the entrapping material on cell 
viability. The study’s innovative use of cane sugar and tuna condensate as substrates contributes to the 
advancement of GABA production processes, highlighting the potential for industrial applications of 
immobilized microbial cells. 
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Figure 3 HPLC chromatograms of standard GABA (a) and GABA produced by reused immobilized 
Lactobacillus futsaii CS3 in the optimized modified MRS medium (pH 5.0) without pH control at 84 h of 
fed-batch fermentation at the fermenter-scale (b) and (c). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Fed-batch fermentation reusability of immobilized Lactobacillus futsaii CS3 in the optimized 
modified MRS medium (pH 5.0) without pH control at the fermenter-scale. Data presented are the mean 
of independent triplicates, with error bars representing standard errors. 
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Table 3 Fed-batch fermentation reusability and cell survivability of the immobilized Lactobacillus futsaii 
CS3 on GABA production in an optimized modified MRS medium (pH 5.0) without pH control at the 
fermenter-scale. 
 

 Fermentation time 
24 h 36 h 48 h 60 h 72 h  84 h 

Reusability I             
Residual MSG (g/L) 22.06 ± 0.14a 21.94 ± 0.02a 19.10 ± 0.12b 11.78 ± 0.18c 9.46 ± 0.06d 9.34 ± 0.08d 
GABA (g/L) 2.48 ± 0.02f 9.92 ± 0.03e 15.34 ± 0.28d 19.03 ± 0.13c 22.99 ± 0.15b 25.94 ± 0.16a 
Volumetric productivity (g/L/h) 0.10 ± 0.05c 0.28 ± 0.03b 0.32 ± 0.13a 0.32 ± 0.09a 0.32 ± 0.07a 0.31 ± 0.11a 
Bioconversion rate (%) 3.78 ± 0.03e 15.11 ± 0.02d 23.36 ± 0.09a 17.08 ± 0.11c 20.64 ± 0.07b  23.29 ± 0.11a 
Gel beads (cfu/g) 1.06×108a 9.60×107b 2.55×107c 9.70×106d 5.05×106e 2.03×106f 
Reusability II       
Residual MSG (g/L) 22.03 ± 0.20a 21.89 ± 0.05a 18.98 ± 0.27b 12.87 ± 0.20c 12.21 ± 0.02c 12.05 ± 0.08c 
GABA (g/L) 2.62 ± 0.05f 10.16 ± 0.25e 14.65 ± 0.14d 18.03 ± 0.33c 21.56 ± 0.19b 23.29 ± 0.41a 
Volumetric productivity (g/L/h) 0.11 ± 0.07c 0.28 ± 0.15b 0.31 ± 0.09a 0.30 ± 0.17a 0.30 ± 0.08a 0.28 ± 0.16b 
Bioconversion rate (%) 3.99 ± 0.09d 15.47 ± 0.13c 22.31 ± 0.09a 16.19 ± 0.16c 19.85 ± 0.11b 20.91 ± 0.23b 
Gel beads (cfu/g) 2.03×106a 1.14×106b 1.05×105c 5.10×104d 1.31×104e 4.80×103f 

 
Note: aValues represent the mean ± SD of triplicate determinations (n = 3). Different superscripts in the same column 
of each factor indicate significant differences (p < 0.05). 
 
 
Conclusions 

This study unveils a novel avenue for enhancing GABA production by utilizing immobilized 
bacterial cells, particularly leveraging agri-food industry by-products. The fermenter-scale optimization, 
encompassing 3.48 % (w/v) cane sugar, 3.84 % (w/v) tuna condensate waste and 10.77 % (w/v) MSG at 
an initial pH of 5, with a temperature of 37 °C, agitation speed of 30 rpm and without pH control, 
showcased the exceptional GABA production capabilities of immobilized Lact. futsaii CS3 cells in 3 % 
(w/v) sodium alginate. This resulted in the highest GABA yields of 19.05 g/L at 60 h in batch 
fermentation and 26.28 g/L at 84 h in fed-batch fermentation. Furthermore, the study demonstrated the 
practicality of reusing immobilized Lact. futsaii CS3 cells in 2 successive batch cycles during fed-batch 
fermentation, with peak GABA concentrations of 25.94 and 23.29 g/L in the 1st and 2nd batch cycles, 
respectively. This signifies a sustainable approach that holds promise for cost reduction in GABA 
production by tapping into low-cost substrates derived from renewable resources. 

The significant GABA output achieved from both Lact. futsaii CS3’s seed culture and immobilized 
Lact. futsaii CS3 cells underscored the potential for large-scale GABA formation. These findings lay the 
groundwork for future endeavors, including the purification of GABA from both sources. The purified 
GABA holds promise for applications in the development for functional food products, aligning with the 
growing interest in bioactive compounds for health-oriented food formulations. 
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