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Abstract
Whole-cell immobilisation technology involving ℽ-aminobutyric acid GABA biosynthesis using lactic acid bacteria (LAB) 
has been extensively studied owing to its numerous benefits over free-living bacteria, including enhanced productivity, 
improved cell viability, ability to prevent cell lysis and protect cells against bacteriophages and other stressful conditions. 
Therefore, a novel LAB biocatalyst was developed using various fruit and fruit waste, immobilising a potential probiotic 
strain, Lactiplantibacillus plantarum B7, via an adsorption method to improve GABA and cell viability. Apple and water-
melon rind have been known to be the ideal natural supports for L. plantarum B7 owing to higher GABA and lactic acid 
production and improved cell viability among the other natural supports tested and selected to be used in repeated batch 
fermentation (RBF) to improve GABA production and cell viability. In general, immobilisation of L. plantarum B7 on natural 
support has better GABA and lactic acid production with improved cell viability via RBF compared to free cells. Watermelon 
rind-supported cells and apple-supported cells could produce nine and eight successful GABA cycles, respectively, within 
RBF, whereas free cells could only produce up to four cycles. When using watermelon rind-supported cells and apple-
supported cells in RBF, the GABA titer may be raised by up to 6.7 (218.480 ± 0.280 g/L) and 6 (195.439 ± 0.042 g/L) times, 
respectively, in comparison to GABA synthesis by free cells in single batch fermentation (32.65 ± 0.029 g/L). Additionally, 
natural support immobilised L. plantarum B7 could retain half of its cell viability even after the 12th cycle of RBF, while 
no cell was observed in control.

Keywords Gamma-aminobutyric acid · Lactiplantibacillus plantarum · Whole-cell immobilisation · Watermelon rind 
biocatalyst · Apple biocatalyst · Repeated batch fermentation

Introduction

Gamma-aminobutyric acid (GABA) is a four-carbon free 
amino acid that possesses numerous health benefits, such 
as improving the secretion of growth hormone, regulat-
ing plasma levels, preventing chronic-related diseases and 
maintaining a healthy cardiovascular system [1]. Moreover, 

GABA plays a role in preventing diabetes by promot-
ing insulin release [2]. In diabetic patients, GABA levels 
decrease, leading to nerve damage. A medication using a 
GABA analogue, known as gabapentin, can help treat dia-
betic neuropathy [3]. In the meantime, Ohmori et al. [4] 
reported that GABA decreased blood glucose levels in rats. 
Besides treating diabetes, GABA may slow or prevent the 
spread of cancer cells in the colon, liver and mammary 
glands via apoptosis [3]. Gao et al.’s [5] study proves the 
production of cadherin and GABA type B could be helpful 
in treating ovarian cancer. In stage 1 and 2 breast cancer 
patients, higher GABA levels were associated with longer 
survival in a clinical trial [6]. GABA also helps prevent and 
cure neurological disorders. When GABA levels are low, it 
can lead to conditions like epilepsy, seizures, Huntington’s 
disease and Parkinsonism [7]. According to Okada et al. [8], 
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it was effective to treat various neurological disorders with 
a daily oral intake of rice germ containing 26.4 mg GABA. 
Yoga sessions can also boost GABA levels and potentially 
help with certain autonomic illnesses [9]. Microbial GABA 
production has been extensively studied as the parameters 
affecting GABA production are much easier to manipulate 
than those in plants, which have low levels of GABA. Mean-
while, GABA from animals cannot breach the blood-brain 
barrier, which prevents its beneficial effect on humans [10, 
11]. Owing to its straightforward process, low cost of sub-
strate, high transformation ratio and increasing demands for 
naturally-made GABA, microbial fermentation using natu-
rally GABA-producing microorganisms becomes the most 
preferred method for producing GABA [12, 13]. In various 
naturally GABA-synthesising microorganisms, lactic acid 
bacteria (LAB) are the most preferred by many researchers 
due to their wide availability in nature, distinct physiologi-
cal properties, probiotic effects and, most importantly, their 
safe (GRAS) status [14]. Among various LAB species, L. 
plantarum is also one of the species extensively studied for 
its GABA production and its potential probiotic properties 
[12, 13]. Besides improved GABA production through opti-
misation of GABA-producing fermentation parameters, the 
immobilisation technique could be further used to improve 
GABA to meet market demand [15, 16].

The immobilisation concept and methods for effective 
biocatalysts-viable cells (microbial, plant, or animal) and 
enzymes have added a new facet to the rapidly expanding 
field of biotechnology [17]. Numerous studies have been 
conducted to investigate the production of GABA using 
whole-cell and/or glutamate decarboxylase (GAD) enzyme 
immobilisation techniques. Glutamate decarboxylase (GAD) 
is the key enzyme that catalyses the conversion of glutamate 
into GABA and is usually found within various LAB spe-
cies such as Lactobacillus, Lactococcus, Pediococcus and 
Streptococcus [18]. Several studies have investigated the use 
of immobilised GAD enzymes to catalyse glutamate into 
GABA. For example, Lee and Jeon [19] reported that nickel 
chelate sepharose immobilised GAD achieved a maximum 
conversion of 97.8% of GABA from 50 mM L-glutamate in 
a continuous flow system. However, the usage of metal affin-
ity resin (a synthetic polymer) immobilised GAD in food 
and pharmaceutical industries, especially nickel-chelating 
resin, has raised safety concerns due to the toxicity of heavy 
metals [20]. Besides, the purification of GAD is also costly, 
in addition to its activity that can be quickly reduced.

Hence, whole-cell immobilisation within natural poly-
mers has drawn much attention to improving GABA pro-
ductivity due to safety concerns, cost-effectiveness and 
higher productivity. Apart from that, immobilised whole-
cell systems have vast benefits over free-living bacteria, 
such as higher productivity, greater cell survival compared 
to free suspension, improved bacterial balance, improved 

plasmid stability, prevention of cell lysis, protection against 
bacteriophages and stressful conditions like shear damage, 
and improved by-product secretion [21]. Immobilised cell 
technology has been successfully used in GABA-producing 
fermentation processes involving lactic acid bacteria, as 
reported by several researchers. For instance, immobilised 
whole cells of L. brevis CGMCC 1306 in a fixed bed reactor 
yielded 5.67 g/L of GABA after 10 h of fermentation [22]. 
According to Kook and Cho [23], isomalto-oligosaccharides 
added to alginate bead-immobilised L. brevis GABA 057 
strains in fed-batch mode converted 534 mM of MSG into 
223 mM GABA in 48 h. The production of GABA and the 
stability of bacterial cells were both improved by the addi-
tion of isomalto-oligosaccharides to alginate beads [16]. 
Moreover, the immobilisation of engineered high-GABA-
producing strain L. brevis GadADC14 with gellan gum gel 
beads achieved maximum GABA production of 87.56 g/L 
after 10 consecutive fermentation cycles under pH 4.4 at 
40 °C [24].

Although cell entrapment within natural polymer sup-
port has numerous advantages, its application is restricted 
by limited diffusion, mechanical strength and a lack of open 
space to facilitate active cell growth, resulting in the release 
of cells into the growth medium and, eventually, their loss. 
In addition, scaling up is challenged by the operational cost 
[25, 26]. Therefore, alternative matrices are required to 
support cells, such as natural support derived from plant 
sources, which is composed of non-digestible cellulose 
components and serves as the base for cell attachment [25]. 
There have been several studies conducted using fruits as 
the natural support to immobilise the cell, such as apple 
and quince immobilised L. casei to improve lactic acid and 
ethanol production [27] apple immobilised yeast to improve 
wine-making at low and room temperature [28], guava 
immobilised yeast in wine-making [29], as well as cheese 
production using apple and pear immobilised L. casei [30].

Additionally, agro-waste, another type of natural sup-
port, could be used to immobilise cells owing to its high 
availability in nature and cheaper carrier source. Increasing 
agricultural production annually increases agro-waste world-
wide. Nearly 998 MMT of agro-waste are produced per year 
globally, with 1.2 MMT from Malaysia [31]. Among those, 
0.20 MMT of agro-waste was generated by the cultivation 
of tropical fruits [32]. As fruit is processed, the skin, rind, 
core and base are often removed, making up around 80% of 
the whole fruit known to be agro-waste [33]. As a result, 
effective waste management is essential for managing agri-
culture sustainably. Hence, the immobilisation of cells on 
agro-wastes may provide cheaper carriers than natural and 
synthetic polymers while also helping in effective agricul-
tural waste management. The rinds of durian, jackfruit and 
mangosteen used as carriers to support L. acidophilus and L. 
bulgaricus during the fermentation of soy milk demonstrated 
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faster growth, higher lactic acid and acetic acid production, 
as well as a greater reduction in carbon sources [33]. Lye 
et al. [34] discovered that soymilk fermented with agro-
wastes (cempedak, durian and mangosteen) immobilised 
lactobacilli exhibited improved bioactive properties. Water-
melon rind-supported yeast improves the fermentation rate, 
vitality and viability of yeast cells in wine-making applica-
tions [35].

Therefore, this study hypothesised that fruit waste (agro-
waste) and fruit could be used as carriers for a potential pro-
biotic strain, Lactiplantibacillus plantarum B7 to improve 
GABA production and its viability by reusing the cell via 
repeated batch fermentation (RBF).

Experimental Section

Samples

Initially, 84 LAB isolates have been isolated from various 
fermented food sources, including Budu (fermented anchovy 
sauce), Cincaluk (fermented shrimp), Tempeh (fermented 
soybean), Tapai cassava (fermented cassava), Tapai pulut 
(fermented glutinous rice), Kombucha tea, Mulberry tea and 
Kimchi (fermented vegetables); however, only 37 LAB iso-
lates have shown GABA-producing capability. Among them, 
Lactiplantibacillus plantarum B7 isolated from Budu was 
identified as the highest GABA-producing strain (data not 
shown). Therefore, L. plantarum B7 (GenBank accession 
no. OL818343), a potential probiotic strain, was selected to 
be used in this study and stored at Microbial Culture Col-
lection Unit (UNiCC), UPM (UPMC 1491) for further use. 
The strain was activated via subculture twice at 37 °C for 
24 h, using MRS broth (Oxoid LTD, Basingstoke, Hamp-
shire, GB), which was autoclaved at 121 °C for 15 min. All 
the fruit samples (list all the samples) were purchased from 
a local market at Serdang, Selangor.

Growth, GABA and Lactic Acid Production Profile 
of L. plantarum B7

The growth, GABA and lactic acid production profile of 
L. plantarum B7 were assessed for 96 h in MRS modified 
medium (5.2% (w/v) of MRS medium added with 1% (w/v) 
of glucose, 2.5% (w/v) of yeast extract, 2 ppm of each of 
tween 80, calcium carbonate and potassium iodide) at opti-
mum GABA fermentation condition (35.6 °C, pH 5.66, 
335.61 mM of initial MSG concentration, 0.723 mM PLP 
concentration and 63.66 h of incubation time) (unpublished 
data). Based on the procedure outlined by Kook and Cho 
[23], fermentation involving the synthesis of GABA using 
free-cell L. plantarum B7 was carried out. About 1% (v/v) of 
active culture was transferred into MRS medium containing 

1% (w/v) of MSG (Sigma-Aldrich, MO, US) and incu-
bated for 24 h as an inoculum. After that, 10% (v/v) of the 
inoculum (~9 log CFU/mL) was added into MRS modified 
medium (fermentative media), followed by shaking for 96 h 
at 35.6 °C in an incubator (Lab Companion shaker IS-971R, 
MN, US). Every 6 h during the first 24 h, sampling was 
done. Then, every 24 up to 96 h later, sampling was con-
ducted with an additional sampling point at 63.66 h, which is 
the maximum GABA production time. Viable cell count, pH 
and both the GABA and lactic acid concentration were eval-
uated. The conventional plate count technique was used to 
determine the number of viable cells, which were expressed 
as log colony forming units per millilitre (log CFU/mL). The 
sample was serially diluted ten times using sterile 0.85% 
(w/v) NaCl solution (R&M Chemicals, Essex, GB). A 100 
µL aliquot of the sample was diluted, plated on MRS agar 
(Oxoid LTD, Basingstoke, Hampshire, GB) and then incu-
bated anaerobically at 37 °C for 48 h. A colony counter was 
employed to manually count the bacterial colonies (Stuart, 
GB). The pH was measured using Eutech pH 700 Meter 
(Thermo Fisher Scientific Inc, Massachusetts, US). Lactic 
acid was quantified using the spectrophotometric method, as 
described by Borshchevskaya et al. [36], while GABA was 
determined using a colourimetric procedure, as described 
by Dikshit and Tallapragada [37] with minor modifications.

Cell Immobilisation

The cell immobilisation method was carried out based on 
the method described by Kourkoutas et al. [27] with minor 
modifications. Two different types of natural support were 
used to immobilise a potential probiotic strain, L. plantarum 
B7, known as fruit and fruit waste. The fruits included apple 
(Malus domestica ‘Gala’), pear (Pyrus bretschneideri ‘Chi-
nese white pear’), pomegranate (Punica granatum), straw-
berry (Fragaria ananassa ‘Senga Sengana’) and guava 
(Psidium guajava ‘Tropic white’); meanwhile, fruit waste 
such as watermelon rind (Citrullus lanatus ‘Glamour’), man-
gosteen rind (Garcinia mangostana ‘Manggis’), pomegran-
ate peel (Punica granatum), banana peel (Musa acuminata 
‘Cavendish’) and orange peel (Citrus sinensis ‘Navel’) were 
used to immobilise. All the fruits and fruit waste selected in 
this study were chosen for the reason that these fruits and 
fruit waste have been previously used as natural carriers for 
immobilising various strains to improve numerous targeted 
productions by many researchers [27–29, 33, 35, 52]. All the 
fruit and fruit waste were cut into small pieces (1  cm3) and 
sterilised at 121 °C for 15 min. About 1% (v/v) of active cul-
ture (~9 log CFU/mL) and the ratio of 1 to 2 of natural sup-
port to the total volume of the medium were introduced into 
MRS broth containing 1% (w/v) of MSG (Sigma-Aldrich, 
MO, US) and incubated at 37 °C with 125 rpm for 12 to 
15 h in an incubator (Lab Companion shaker IS-971R, MN, 
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US). For instance, Fig. 1 displays apple and watermelon rind 
pieces immobilised with L. plantarum B7. Upon complete 
immobilisation, the biocatalysts were washed twice (0.5 mL) 
with MRS broth containing 1% (w/v) of MSG, and the fer-
mented liquid was decanted. The biocatalysts were then used 
for GABA fermentation.

GABA Fermentation Using Various Biocatalysts

Fermentation involving GABA production using immobi-
lised L. plantarum B7 proceeded according to the method 
described by [27] with minor modifications according to 
[38]. The fermentation was conducted at optimum GABA-
fermentation conditions using optimised fermentative media. 
The 10% (w/v) of inoculum (whole-cell immobilised biocat-
alysts) was transferred into the optimum GABA-fermenta-
tion medium. The fermentations were conducted for 63.66 h 
at 35.6 °C with 125 rpm. After complete incubation, the 
supernatant was extracted using a centrifuge (Microfuge 16 
Centrifuge, Krefeld, DE) at 9000 × g for 15 min under 4 °C. 
The extracted supernatants were stored at −20 °C for fur-
ther analysis. Fermentation using each fruit and fruit waste 
without L. plantarum B7 cell served as a negative control.

Successive Fermentation Batches of GABA

Based on the analysis, each of the two types of natural sup-
port was chosen to be used in RBF based on their best capa-
bility to immobilise a potential probiotic strain, L. plantarum 
B7 and produce GABA. The number of successive GABA 
fermentation batches was determined based on the GABA 
level of each batch required to be at least 50% of the initial 
GABA concentration (1st cycle) [39]. About 10% (w/v) of 
chosen whole-cell immobilised biocatalysts were transferred 
into the optimum GABA-producing fermentation medium 

and incubated at optimised GABA fermentation param-
eters. At the end of each fermentation batch, the liquid was 
decanted, and the support was washed twice with MRS broth 
containing 1% MSG before being transferred into the new 
fresh optimum GABA-producing medium. The decanted liq-
uids were centrifuged (Microfuge 16 Centrifuge, Krefeld, 
DE) at 9000 × g for 15 min under 4 °C for the supernatants 
and stored at −20 °C for further analysis. RBF was com-
pletely stopped once the GABA concentration was produced 
below the successive level. A 10% (v/v) of free cells with 
an initial viable cell concentration of ~9 log CFU/mL were 
transferred into the optimum GABA-producing fermenta-
tion medium and incubated at optimised GABA fermenta-
tion parameters as a control. At the end of each fermenta-
tion batch, around 90% of the media was decanted, and the 
remaining 10% of the previous media was transferred into 
a new fresh optimum GABA-producing medium. Then the 
decanted media were centrifuged to collect the supernatant 
and stored for further analysis.

Biocatalyst and Free Cell Viable Count

The viable cell count on the biocatalysts was identified once 
after completing the immobilisation (total number of cells 
immobilised) and at the end of fermentation (number of cells 
retained) according to the procedure reported by Aguirre-
Guzmán et al. [40] with minor modifications. About 1 g 
of immobilised samples was blended with 9 mL of sterile 
0.85% (w/v) of NaCl solution (R&M Chemicals, Essex, GB) 
for 2 min using Panasonic blender MX-895. About 1 mL 
of the blended samples was serially diluted from  101 –  109 
times, whereas 0.1 mL of each diluted culture was equally 
dispersed on MRS agar plates and incubated anaerobically 
for 48 h at 37 °C. Using a colony counter, the bacterial colo-
nies were manually counted. Meanwhile, free cell viable 
count for each sample was detected using fermentation 
medium at the end of each cycle of RBF. About 1 mL of 
fermentation medium of each sample subjected to be diluted 
and spread plate on MRS agar plates and incubated anaero-
bically for 48 h at 37 °C.

Analyses

The final pH of the sample was measured using the Eutech 
pH 700 Meter (Thermo Fisher Scientific Inc., Massachusetts, 
USA). The lactic acid concentration was determined using a 
spectrophotometric method, as described by Borshchevskaya 
et al. [36]. A 25-µL-centrifuged sample was added to 1 mL 
of iron(III) chloride mixture absorbance and measured at 
390 nm under a UV-Vis spectrophotometer (Uviline 9400 
spectrophotometer, Alès, FR) at 25 ± 5 °C within 15 min 
after preparing the solution. The absorbance was meas-
ured against a reference solution of 25 µL of fermentation 

Fig. 1  Lactiplantibacillus plantarum B7 immobilised on apple fruit 
pieces (a) and watermelon rind pieces (b)
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medium without cell (negative control) with 1  mL of 
iron(III) chloride. A lactic acid standard curve ranging from 
0.02 to 0.2 mg/µL was then developed. GABA concentration 
was quantified using the colourimetric method, as described 
by Dikshit and Tallapragada [37] with minor modifications. 
A TLC plate (Merck, Darmstadt, DE) was aliquoted with 
2 µL of sample and developed using n-butanol-acetic acid-
H2O [5:3:2 (v/v/v)] (Merck, Darmstadt, DE) before being 
sprayed with 1% (w/v-ethanol) of ninhydrin solution. The 
developed TLC plate was dried in an oven at 60 °C for 
30 min before the GABA spots were scratched out of the 
paper and placed in 3 mL of borate buffer (pH 7) and 0.5 mL 
of 0.8% (w/v of acetone) ninhydrin reagent. The solution 
was incubated for 20 min at 70 °C, while absorbance was 
read at 570 nm under a UV-Vis spectrophotometer (Uviline 
9400 spectrophotometer, Alès, FR). A GABA standard curve 
was developed using a GABA standard solution (10 mg/mL).

Scanning Electron Microscopy

Based on the analysis, each of the two types of natural sup-
port biocatalyst was chosen to monitor the immobilisation of 
L. plantarum B7 on the biocatalysts once after completing 
the immobilisation (initial) and at the end of RBF (final) 
using scanning electron microscopy. The immobilised bio-
catalysts were washed with MRS broth containing 1% MSG 
and dried overnight at 30 °C. After drying, the samples were 
subjected to coating with gold in a BAL-TEC SCD 005 
Sputter coater for 2 min before being examined in a JEOL 
JSM IT-100 scanning electron microscope. The samples 
were viewed at 5000× magnifications.

Statistical Analysis

GraphPad Prism 9.0 was used for the analysis of experimen-
tal data (San Diego, CA, USA). The statistical differences 
between the means of the data were determined using a one-
way analysis of variance ANOVA, with a significance level 
set at p < 0.05. Tukey’s multiple range tests were used to 
compare multiple means. All experiments were carried out 
in triplicate, while the mean values and standard error of 
each sample were expressed as mean ± SEM.

Results and Discussion

The experiments were conducted according to the objec-
tives of this study, which started from the construction of 
the L. plantarum B7 growth curve together with lactic acid 
and GABA production profile in an optimised MRS medium 
at 35.6 °C for 96 h, followed by the screening of the ideal 
natural support biocatalyst based on the lactic acid. GABA 
analysis and number of cells retained, and finally, RBF was 

conducted using the ideal natural support to improve further 
GABA production under optimum GABA production condi-
tions. Along with the determination of GABA, measuring 
the amount of lactic acid produced by L. plantarum B7 is 
significant in this study, especially in the section on RBF, 
since during RBF, it is impractical to count the strain’s cells 
at each batch of fermentation, as they are immobilised in 
natural support that must be transferred into the following 
batch. Therefore, the cell count of immobilised L. plantarum 
B7 in each batch was estimated by determining the lactic 
acid concentration, as it is the primary metabolite and is 
often considered a growth-associated product of lactic acid 
bacteria [41]. It is also used to relate pH changes and GABA 
production in each batch.

L. plantarum B7 Growth, GABA and Lactic Acid 
Production Profile

In this study, the growth profile, together with pH changes, 
GABA and lactic acid production by L. plantarum B7 in an 
optimised MRS medium at 35.6 °C, was examined every 6 h 
for a 24-h period, followed by a 24-h interval for sampling 
until 96 h (Fig. 2). In terms of the cell viability count, the 
cells were counted to be at 7.640 ± 0.001 log CFU/mL at 0 h, 
representing the concentration of cells obtained from the 
24-h incubated inoculum culture. Despite the fact that no lag 
phase was observed during the 6-h sampling period, it can 
be assumed that the lag phase occurred within this period. 
As reported by Ding and Li [42], L. plantarum Z7 entered 
an exponential phase just after 3 h of fermentation in MRS 
medium, indicating a very short lag phase. During the first 
12 h of the fermentation, L. plantarum B7 grew and rapidly 
multiplied, reaching a log CFU/mL of 11.403 ± 0.003. Mul-
tiple rounds of DNA synthesis, together with transcription 
and translation, were involved during exponential bacterial 
growth and replication to produce the essential macromol-
ecules [43]. The stationary phase of L. plantarum B7 was 
then observed at the 18th hour of fermentation and remained 
plateaued until the end of fermentation at 96 h.

Apart from cell viability, the concentration of lactic acid 
and changes in pH usually correlate with the growth of lactic 
acid bacteria, since its metabolism could synthesise various 
organic acids throughout the growth period, such as lactic 
acid, acetic acid, succinic acid and 3-hydroxypropionic acid. 
Hence, the production of various organic acids will affect 
the pH of the medium during the fermentation [44]. Based 
on the result, the production of lactic acid follows the trend 
observed for cell growth, as most of the lactic acid is usu-
ally produced at the log phase of cell growth; therefore, it 
is known to be a growth-associated production [45]. Dur-
ing the exponential phase between 0 h until the 18th hour, 
lactic acid was produced at a very high rate, going from 0 
to 39.947 ± 0.128 g/L. This is anticipated as lactic acid is 
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the major metabolism product of lactic acid bacteria such 
as L. plantarum B7 [46]. Due to the high accumulation of 
lactic acid, the pH of the medium changed. During the same 
period, the pH values significantly dropped from pH 5.66 to 
4.34. Meanwhile, lactic acid reached its maximum concen-
tration at 63.66 h (42.056 ± 0.061 g/L). There are several 
reasons for the reduction in lactic acid concentration after 
63.66 h. Nutrient depletion or insufficient substrate during 
the fermentation may slow down the growth of LAB and 
reduce the production of lactic acid. Besides that, the accu-
mulation of the metabolic products of LAB, mainly organic 
acids including lactic acid, acetic acid and others may reduce 
the pH of the culture to become more acidic, which creates 
an unfavourable environmental condition for the growth of 
LAB and eventually reduces the production of lactic acid 
[47].

For the GABA yield, the L. plantarum B7 cells produced 
GABA at a fairly slow rate during the first 18 h of the fermen-
tation, as opposed to lactic acid and log CFU/mL. At the 18th 
hour, it only managed to produce GABA at 4.236 ± 0.092 g/L, 
which was not much of an increase from the GABA at the 12th 
hour (1.927 ± 0.112 g/L) and the 6th hour (0.528 ± 0.094 g/L). 
However, after entering the stationary phase at the 18th hour, 
GABA started to be produced at an exponential rate, going 
from 12.992 ± 0.033 g/L at 24 h to reaching the maximum 
GABA of 32.65 ± 0.029 g/L at 63.66 h. This result can be 
supported by Yogeswara et al. [48], who reported that L. 
plantarum FNCC 260 was able to produce the highest GABA 

concentration after 60 h of fermentation. Moreover, several 
literatures also reported that the highest GABA production 
by lactic acid bacteria can be seen in the range between 48 
and 72 h of fermentation [49, 50]. After that, the GABA pro-
duction by L. plantarum B7 began to decline until the end of 
fermentation at the 96th hour. This might be due to substrate 
(MSG) depletion, which prevents L. plantarum B7 from pro-
ducing further GABA. Besides that, increasing the concentra-
tion of GABA increases the pH, which eventually activates the 
enzymes (γ-aminobutyric acid aminotransferase (GABA-AT) 
and succinic semialdehyde dehydrogenase (SSADH)) that 
are responsible for GABA degradation [10, 12, 18, 51]. The 
produced GABA will be degraded by GABA-AT into suc-
cinic semialdehyde, followed by irreversible oxidation of it 
catalysed by SSADH, producing succinate, which then enters 
the TCA cycle and eventually transforms into the precursor 
(oxaloacetate) that undergoes gluconeogenesis. Based on the 
results obtained, it can be concluded that the optimum fer-
mentation time for the production of GABA by L. plantarum 
B7 was 63.66 h. Hence, for the subsequent experiments, all 
sampling procedures were taken at 63.66 h of fermentation.

Screening of Ideal Natural Support for L. plantarum 
B7

The screening of the ideal natural support was conducted 
using two types of natural support, namely fruits (apple, 
pear, pomegranate, strawberry and guava) and fruit waste 

Fig. 2  Viable cell count (log CFU/mL), pH changes, lactic acid (g/L) and GABA (g/L) production by Lactiplantibacillus plantarum B7 in opti-
mised MRS medium at 35.6 °C for 96 h. Each data represents the mean ± SEM of three replicates
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(watermelon and mangosteen rind, pomegranate, banana and 
orange peel) based on the GABA production, lactic acid con-
centration and the number of cell retention after fermenta-
tion. The lactic acid, GABA production and final pH of the 
medium were assessed after 63.66 h of fermentation using 
various types of fruit-immobilised L. plantarum B7 (Fig. 3). 
The results demonstrated that, among the tested fruit support 
biocatalysts, apple-immobilised L. plantarum B7 recorded 
the highest GABA (31.967 ± 0.008  g/L), while guava-
immobilised L. plantarum B7 produced the highest lactic 
acid (40.832 ± 0.813 g/L), with no significant difference 
(p > 0.05) compared to the rest of tested fruit pieces support 
biocatalysts. From the initial pH value of the liquid medium 
that was set at 5.66 ± 0.01 at the start of the fermentation, the 
lowest final pH (pH 4.29 ± 0.01) was observed in the sample 
containing guava support L. plantarum B7 and apple support 
L. plantarum B7. In order to evaluate the potential of the 
fruit pieces to support L. plantarum B7, the number of cells 
immobilised on each fruit was assessed after the immobili-
sation process. As tabulated in Table 1, the number of cells 
immobilised on various fruits ranged from 8.170 ± 0.051 to 

8.340 ± 0.032 log CFU/g. The highest amount of cells was 
immobilised on apple pieces (8.340 ± 0.032 log CFU/g) with 
no significant difference (p > 0.05) compared to the other 
fruits tested. To investigate the strength of natural support in 
retaining the cells after the fermentation process, cell reten-
tion was calculated and shown in a percentage. At the end 
of fermentation, apple biocatalyst significantly showed the 
highest percentage (86.662 ± 1.162%) of cells retained than 
all the other tested fruit biocatalysts except for pear pieces 
(Fig. 3).

Apart from fruit biocatalyst, the effects of various fruit 
wastes immobilised L. plantarum B7 on the production of 
lactic acid, GABA and final pH of the fermentation medium 
were also assessed (Fig. 4). It was discovered that the water-
melon rind support cell has the highest GABA concentration 
(31.772 ± 0.022 g/L) with a significant difference (p < 0.05) 
among the rest of the fruit waste biocatalysts tested. Mean-
while, the highest lactic acid produced by banana peel 
supported L. plantarum B7 with no significant difference 
(p > 0.05) compared to orange peel and watermelon rind 
biocatalysts. Watermelon rind immobilised L. plantarum 

Fig. 3  The effects of Lacti-
plantibacillus plantarum B7 
immobilised on various fruit 
samples on lactic acid, GABA 
concentration and final pH of 
the fermentation medium after 
incubating for 63.66 h at 35.6 
°C with 125 rpm. Each data 
represents the mean ± SEM 
of three replicates. Different 
lowercase letters on the top of 
the bar indicate statistically 
significant differences (p < 0.05) 
of the results among various 
biocatalysts. Negative control 
represents no GABA and lactic 
acid production

Table 1  Number of 
Lactiplantibacillus plantarum 
B7 cells immobilised and 
retained on various fruit 
samples incubated for 63.66 h 
at 35.6 °C

Each data represents the mean ± SEM of three replicates. Different lowercase letters within the same col-
umn indicate statistically significant differences (p < 0.05) of the results among various biocatalysts. No 
viable cell was observed within the negative control

Fruit Number of cells immobilised 
(log CFU/g)

Number of cells retained 
(log CFU/g)

Percentage of 
cell retained (%)

Pomegranate 8.170 ± 0.051a 6.522 ± 0.065b 79.840 ± 1.156b

Pear 8.272 ± 0.054a 7.064 ± 0.034a 85.400 ± 0.383a

Apple 8.340 ± 0.032a 7.227 ± 0.075a 86.662 ± 1.162a

Guava 8.244 ± 0.037a 6.678 ± 0.013b 81.002 ± 0.267b

Strawberry 8.206 ± 0.024a 6.452 ± 0.032b 78.626 ± 0.622b
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B7 has the lowest final pH (pH 4.34 ± 0.01) with no signifi-
cant difference (p > 0.05) among the rest. Based on Table 2, 
the number of cells immobilised on various fruit wastes 
ranged from 8.006 ± 0.018 to 8.724 ± 0.008 log CFU/g. 
Among the tested fruit waste biocatalysts, watermelon 
rind biocatalyst has the highest number of cells immobi-
lised (8.724 ± 0.008 log CFU/g) and the percentage of cells 
retained (90.158 ± 0.071%). After 63.66 h of incubation, 
none of the natural supports without cells (negative control) 
showed any significant changes in the fermentative medium. 
Negative control samples showed no lactic acid or GABA 
content, with no live cells that could be counted. Hence, this 
finding demonstrates that the production of lactic acid and 
GABA was completely dependent on various natural sup-
ports immobilised L. plantarum B7.

Among the screened fruits, the apple was found to be the 
best fruit support for a potential probiotic strain, L. plan-
tarum B7, to synthesise GABA and lactic acid, as it can 
immobilise a greater number of cells compared to the other 
tested fruits. Besides, a higher number of cells were retained 
in the apple after the fermentation was completed. Apple has 

been frequently used by several researchers in their studies 
as a natural whole-cell supporter owing to its immobilisa-
tion capabilities and increased productivity. For instance, 
apples were used by Kourkoutas et al. [27] to immobilise 
Lacticaseibacillus casei to improve the lactic acid produc-
tion in fermented milk. Additionallyf, employing the apple-
immobilised Saccharomyces cerevisiae strain AXAZ-1, 
Plessas et al. [52] revealed superior alcoholic fermentation 
under low temperatures along with improved sensory char-
acteristics of wine. Moreover, apple-immobilised Lactoba-
cillus delbrueckii subsp. bulgaricus has been found to have 
a higher survival rate during storage under freeze-drying and 
thermal drying processes and was able to maintain succes-
sive lactic acid production even after an immediate reacti-
vation in whey [53]. Apart from the fruits evaluated in this 
study, other fruits, such as mango, sapota, quince, banana 
and pineapple, also have the ability to immobilise whole 
cells [27, 54].

Based on the result, watermelon rind was identified as 
the best fruit waste supporter for a potential probiotic strain, 
L. plantarum B7, with a high amount of GABA and lactic 

Fig. 4  The effects of Lacti-
plantibacillus plantarum B7 
immobilised on various fruit 
waste samples on lactic acid, 
GABA concentration and final 
pH of the fermentation medium 
after incubating for 63.66 h at 
35.6 °C with 125 rpm. Each 
data represents the mean ± SEM 
of three replicates. Different 
lowercase letters on the top of 
the bar indicate statistically 
significant differences (p < 0.05) 
of the results among various 
biocatalysts. Negative control 
represents no GABA and lactic 
acid production

Table 2  Number of 
Lactiplantibacillus plantarum 
B7 cells immobilised and 
retained on various fruit waste 
samples incubated for 63.66 h 
at 35.6 °C

Each data represents the mean ± SEM of three replicates. Different lowercase letters within the same col-
umn indicate statistically significant differences (p < 0.05) of the results among various biocatalysts. No 
viable cell was observed within the negative control

Fruit waste Number of cells immobilised 
(log CFU/g)

Number of cells retained 
(log CFU/g)

Percentage of 
cell retained (%)

Watermelon rind 8.724 ± 0.008a 7.857 ± 0.009a 90.158 ± 0.071a

Banana peel 8.556 ± 0.041ab 7.234 ± 0.006c 84.752 ± 0.199c

Pomegranate peel 8.456 ± 0.068b 6.758 ± 0.036d 80.126 ± 0.345d

Mangosteen rind 8.006 ± 0.018c 6.415 ± 0.049e 80.484 ± 0.185d

Orange peel 8.668 ± 0.016a 7.473 ± 0.039b 86.094 ± 0.373b
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acid due to the higher number of cells immobilised com-
pared to other fruit waste. Unlike other tested fruit wastes, 
watermelon rind has been found to be able to retain more 
cells even after fermentation. Previously, watermelon rinds 
have been used as an immobiliser for Saccharomyces cer-
evisiae 101 in the wine-making process [35]. It was then 
discovered that the use of immobilised S. cerevisiae 101 
had a better fermentation rate, vitality and viability of the 
strain in the process of wine-making. Additionally, the fla-
vour, aroma, taste and overall quality of the wine have also 
been enhanced. Plessas et al. [52] also investigated an orange 
peel as a potential immobiliser for S. cerevisiae in an alco-
holic fermentation at various temperatures. They claimed 
that employing S. cerevisiae immobilised on orange peel 
resulted in better ethanol productivity with less fermentation 
time needed. Furthermore, Teh et al. [33] ground up durian, 
mangosteen and cempedak rinds (agro-wastes) into powder 
to increase the total surface area, which promoted a greater 
number of cells to immobilise before being used to support 
Lactobacillus acidophilus FTDC 1331, FTDC 2631, FTDC 
2333, FTDC 1733 and Lactobacillus bulgaricus FTCC 0411 
in soymilk fermentations. It was then discovered that cells 
immobilised on the agro-waste powder had increased sub-
strate utilisation and cell growth, which enhanced the pro-
duction of lactic and acetic acids in the fermented soymilk.

In comparison, no significant difference (p > 0.05) was 
observed between the concentrations of lactic acid and 
GABA produced by L. plantarum B7 immobilised on apple 
pieces and watermelon rinds. However, a significant dif-
ference was noticed in the number of cells immobilised on 
watermelon rinds and apple pieces. Although there were 
fewer cells immobilised on the apples compared to water-
melon rinds, there was no significant difference in the pro-
duction of lactic acid or GABA, which is most likely a result 
of the sugar being utilised by L. plantarum B7 immobilised 
on apple fruit that contains more fermentable carbohydrates 
than the watermelon rinds, where the cells consumed the 

sugar to enhance their growth and metabolic production. 
Based on a study conducted by Vitola et al. [55], it was 
discovered that different fruits (pineapple, guava and kiwi) 
resulted in different amounts of Lacticaseibacillus casei 
CSL3 cells immobilised to the fruits, albeit the same bacte-
rial concentration used for each fruit. They deduced that 
this may be due to the undigested carbohydrate content pre-
sent on the fruits, explaining the different log CFU/g and 
cell retention for each fruit piece analysed. Cells can attach 
to fruits because of the non-digestible carbohydrates that 
constitute the fruit matrix [25]. Furthermore, the apple’s 
fermentable carbohydrate utilisation by the immobilised 
cells was proved by the lower percentage of cells retained 
on apple pieces (86.662 ± 1.162%) than the watermelon 
rinds (90.158 ± 0.071%) after the fermentation, since more 
cells were falling off from the apple biocatalyst than from 
the watermelon rind biocatalyst as a result of the loss of 
mechanical support between the cells and the natural support 
digested by the cells during fermentation.

RBF Using Natural Support Immobilised L. 
plantarum B7

The ability to reuse cells for multiple fermentation cycles 
to increase productivity at a reduced cost and eliminate the 
time of preparing a new inoculum for each batch of fermen-
tation is among the advantages of employing immobilised 
cells over free cells [39]. To further increase the GABA titre 
via RBF, the ideal natural support from fruit (apple pieces) 
and fruit waste (watermelon rind) biocatalysts containing a 
potential probiotic strain was employed. Based on Figs. 5 
and 6, there was a decreasing trend in GABA and lactic acid 
concentrations by immobilised cells and free cells. Com-
pared to free cells, the immobilised L. plantarum B7 has a 
better production of lactic acid and GABA due to the fact 
that GABA and lactic acid production by free cells decrease 
more rapidly throughout the RBF than that observed for the 

Fig. 5  GABA production at 
various cycles by whole-cell 
immobilised Lactiplantibacillus 
plantarum B7 on watermelon 
rind, apple and free cell as a 
control. Successful GABA pro-
duction cycle is noticed above 
black line (free cell), green line 
(watermelon rind biocatalyst) 
and red line (apple biocata-
lyst). Each data represents the 
mean ± SEM of three replicates. 
Different lowercase letters on 
the top of the bar indicate sta-
tistically significant differences 
(p < 0.05) of the results among 
various cycles
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immobilised cells. Additionally, the production of GABA 
and lactic acid by free cells entirely stopped after the seventh 
and ninth cycles of RBF, respectively. Nonetheless, immobi-
lised cells were still able to synthesise GABA and lactic acid 
up to the twelfth cycle of RBF. The final pH of the medium 
was measured at the end of each fermentation cycle to sup-
port the results. According to Fig. 7, samples containing 
free cells showed a rapid increase in pH until the 9th batch 
and remained stable after that throughout RBF compared to 
samples containing immobilised cells, in which the pH (in 
the range of 4.34 ± 0.01 to 4.89 ± 0.01) was slowly increased. 
The decrease in the synthesis of organic acids, particularly 
lactic acid, by L. plantarum B7 increased the pH due to 
the loss of cells during RBF. It can be observed that nearly 
half of the initial concentration of cells immobilised on the 
apple pieces and watermelon rinds were lost after the 12th 
cycle of RBF (Table 3). However, for the sample containing 
free cells, there was absolutely no cell count at the end of 

RBF. The rapid reduction in lactic acid and GABA con-
centrations in samples containing free cells was due to the 
rapid reduction in cell count until the 9th batch and no cell 
count at all thereafter throughout the RBF (Fig. 8). However, 
no significant changes were noticed in the free cell count 
within immobilised samples throughout RBF. The stationary 
final pH of the sample containing free cells at the final three 
batches of RBF indicated that no fermentation occurred due 
to no viable cell count present, which kept the initial pH 
unchanged even after the incubation. Additionally, view-
ing the biocatalysts under a scanning electron microscope 
(SEM) proved the immobilisation of L. plantarum B7 on 
the surface of apple and watermelon rind pieces (Fig. 9). 
As observed from the SEM images, the cells seemed to be 
naturally attached to the surface of both watermelon rinds 
and apple pieces. The mechanism involved in the attach-
ment may be classified as passive immobilisation, which is 
defined as the use of the natural tendency of microorganisms 

Fig. 6  Lactic acid concentration 
at various cycles by whole-cell 
immobilised Lactiplantibacillus 
plantarum B7 on watermelon 
rind, apple and free cell as a 
control. Successful lactic acid 
production cycle is noticed 
above black line (free cell), 
green line (watermelon rind 
biocatalyst) and red line (apple 
biocatalyst). Each data repre-
sents the mean ± SEM of three 
replicates. Different lowercase 
letters on the top of the bar 
indicate statistically significant 
differences (p < 0.05) of the 
results among various cycles

Fig. 7  Final pH of the sample 
containing whole-cell immo-
bilised Lactiplantibacillus 
plantarum B7 on watermelon 
rind, apple and free cell as a 
control at various cycles. Each 
cycle was incubated for 63.66 h 
at 35.6 °C with initial pH of 
5.66. Each data represents the 
mean ± SEM of three replicates
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to attach or adsorb to surfaces-natural or synthetic and grow 
on them [56]. This result is supported by Teh et al.’s [33] 
statement, which stated that the majority of passive immo-
bilisations can be found in natural supports such as fruits, 
plants and organic substances. Therefore, it is reasonable to 
assume that the cells were naturally adsorbing to the natural 
support surfaces. Besides, according to Junter and Jouenne 
[57], the immobilisation of cells in an ideal environment will 
cause the cells to adsorb to the surface and eventually colo-
nise the support, which results in the development of a bio-
film. In essence, a biofilm develops when cells are attached 
to one another and adhere to a surface [58], leading to the 
conclusion that L. plantarum B7 cells naturally adsorb to 
fruits and fruit waste pieces, and the development of biofilm 
may have also facilitated the attachment. Zur et al.’s [59] 
statement that bacteria can grow planktonically or create a 
biofilm that adheres to the surface they adsorb onto lends 
further weight to this conclusion. Moreover, the SEM results 
qualitatively demonstrated the reduction of cell attachment 
on the immobiliser at the end of RBF.

During transfers of cells from one cycle to another, free 
cells in suspension will be quickly diluted and lost through-
out the RBF until no cells can be observed. Meanwhile, 
during the RBF period, immobilised cells firmly attached 
to the carrier prevented it from being lost or leaked. Apart 

from the second cycle, every RBF cycle exhibits a consider-
able loss of GABA and lactic acid titers due to cell leakage, 
which results in a small number of cells found within the 
fermentation medium at the end of fermentation (Fig. 8). In 
general, when cell leakage occurs, the metabolic products of 
immobilised cells often decrease [60]. A significant increase 
in both GABA and lactic acid was seen in the second cycle 
of RBF, which might be due to the incomplete washing of 
the biocatalyst before being transferred into the subsequent 
cycle of RBF, allowing the excess free cells from the previ-
ous cycle to stick on the biocatalysts, transferred together 
with the immobilised cells into the subsequent fermentation 
medium and eventually grew and affected the analysis [61]. 
Apart from that, the increment in both GABA and lactic acid 
concentrations observed in the 2nd cycle of RBF might be 
a result of the growth and metabolic production of leaked 
cells from the biocatalyst, which acted as free cells in the 
fermentation medium [62]. According to Yuvadetkun and 
Boonmee [38], a similar outcome was obtained when a small 
number of free cells of Candida shehatae were found in 
the fermentation medium containing coconut bract immobi-
lised C. shehatae during ethanol production from rice straw 
hydrolysate. Additionally, during the ethanol production 
process by Saccharomyces cerevisiae cells immobilised on 
orange peel, Plessas et al. [52] reported a threefold higher 

Table 3  Number of cells 
immobilised and retained at the 
12th cycle of fermentation

Each data represents the mean ± SEM of three replicates. Different lowercase letters within same column 
indicate statistically significant differences (p < 0.05) of the results among various samples

Sample Number of cells immobi-
lised (log CFU/g)

Number of cells retained 
(log CFU/g)

Percentage of 
cell retained 
(%)

Free cell 8.946 ± 0.026a 0.00b

Watermelon rind biocatalyst 8.785 ± 0.011b 4.429 ± 0.028a 50.419 ± 0.277a

Apple biocatalyst 8.398 ± 0.004c 4.150 ± 0.020b 49.420 ± 0.227a

Fig. 8  Free cell count within the 
fermentation medium for three 
different samples (free cell sam-
ple, watermelon rind biocatalyst 
sample and apple biocatalyst 
sample) at various cycles. Each 
data represents the mean ± SEM 
of three replicates
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cell concentration within the immobiliser compared to the 
leaking free cell concentration. The composition of the cel-
lular wall and immobiliser, cell maturation, pH and ionic 
content of the medium are some of the main causes of cell 
leakage [63].

As shown in Fig. 8, the sample containing apple bio-
catalyst had a higher concentration of free cells than the 
sample containing watermelon rind biocatalyst due to the 
fact that apples generally have more carbohydrates than 
watermelon rinds [64, 65], which allows the apple immobi-
lised cells to digest it and eventually falls off the biocatalyst 
from the loss of support and becomes a free cell. Accord-
ing to Geethanjali and Subash [66], the decline in GABA 
and lactic acid concentrations may be the result of cell loss 

during the washing of the biocatalyst before being trans-
ferred into the subsequent fermentative medium. Likewise, 
Wang et al. [62] observed a rapid decrease in β-cyclodextrin 
(β-CD) produced by free cells, increasing the fermentation 
cycle compared to a slow decrease in β-CD produced by 
Bacillus circulans ATCC immobilised on a palm curtain. In 
the meantime, a decreasing trend of sorbitol production by 
sodium-alginate immobilised Lactiplantibacillus plantarum 
(BAA-793) was observed by increasing the repeated cycle 
of solid-state fermentation [39].

The production of GABA (Fig. 5) and lactic acid (Fig. 6) 
by free cells was higher during the first cycle of RBF com-
pared to the immobilised samples since the initial concen-
tration of free cells was noticeably higher than the initial 

Fig. 9  Scanning electron microscopic (SEM) image of whole-cell 
immobilised Lactiplantibacillus plantarum B7 on watermelon rind 
before the fermentation (a) and after the 12th cycle of fermentation 

(b); whole-cell immobilised Lactiplantibacillus plantarum B7 on 
apple pieces before the fermentation (c) and after the 12th cycle of 
fermentation (d)
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immobilised cell count (Table 3). This is unavoidable as it 
is difficult to precisely control the desired amount of ini-
tial cell concentration to be immobilised onto the carrier. 
Additionally, compared to the immobilised L. plantarum 
B7, the free cell produced more GABA and lactic acid due 
to its larger surface area in contact with the nutritive con-
tents and MSG within the fermentative medium. A simi-
lar result has been found by Wang et al. [62], where free 
Bacillus circulans ATCC 21783 synthesised higher β-CD 
compared to the immobilised cells. Moreover, Yuvadetkun 
and Boonmee [38] reported that free cell Candida shehatae 
ATCC 22984 produced more ethanol than the immobilised 
cells. In contrast, okara-immobilised Lactiplantibacillus 
plantarum 70810 produced higher levels of lactic acid and 
acetic acid during soymilk fermentation than the free cells 
as okara-immobilised L. plantarum 70810 has faster growth 
and metabolic production rates compared to free cells due to 
okara’s prebiotic values [67].

Figure 10 shows the images of watermelon rind and 
apple pieces captured before and after the 12th cycle of 
RBF. It could be observed that the size and shape of the 
apple biocatalyst were significantly changed at the end 
of RBF (Fig. 10). Since the structure of apple pieces was 

softer and flimsier compared to the watermelon rinds, the 
apple pieces were prone to be broken into tiny little pieces 
when transferring the fruit pieces from one batch to another, 
causing some cell losses during the process. This may also 
be due to cells consuming the digestible carbohydrates in 
the apple and leaving non-fermentable cellulose residue. 
From the lower composition of digestible carbohydrates in 
watermelon rind than in apples, no significant changes for 
watermelon rind biocatalysts were observed after finishing 
the RBF. Additionally, compared to apples, watermelon rind 
exhibited higher levels of cellulose (fibre), which allowed 
the watermelon rind biocatalyst to maintain its original size 
and volume following fermentation [68, 69]. Several studies 
have previously reported that the volume of natural support 
biocatalysts decreased throughout the fermentation [27–29, 
35]. Besides, a significant decrease in the size of the apple 
pieces at the end of RBF in this study might also be due to 
the leaching of some organic constituents into the fermenta-
tion medium, which might eventually be consumed again by 
the cell, such as glucose, fructose and sucrose. However, it 
is expected that fewer organic constituents will be leached 
from watermelon rind as compared to apple pieces due to 
no significant decrease in its size at the end of RBF. Apart 

Fig. 10  Watermelon rind biocatalyst before fermentation (a) and after 12th cycle fermentation (b). Apple fruit biocatalyst before fermentation 
(c) and after the 12th cycle of fermentation (d)
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from that, both apple and watermelon rind pieces might also 
leach various types of organic constituents such as vitamins, 
antioxidants, organic acids and phenolic compounds [70, 
71]. This leaching process might be helpful as it may also 
contribute to the flavour and distinctive aroma of the fin-
ished product. The leaching process of the guava organic 
constituents in the wine has been previously discussed by 
Reddy et al. [29].

In general, it could be deduced that the successful GABA 
production cycle for free cells was up to the fourth cycle, 
apple biocatalyst up to the eighth cycle and watermelon rind 
up to the ninth cycle of RBF at 35.6 °C for 63.66 h (Fig. 5). 
Meanwhile, free cells, apple biocatalysts and watermelon 
rind biocatalysts produced successful lactic acid concentra-
tion until the fifth, eighth and ninth cycles of RBF, respec-
tively (Fig. 6). To be deemed as a successful production 
cycle, the production of GABA and lactic acid from each 
cycle must be at least 50% of its initial production. It has 
been assumed that a cycle’'s production of less than 50% of 
its initial production was unworthy of continuing the next 
RBF cycle. Zuriana and Sakinah [39] employed a similar 
approach to identify whether the sorbitol-producing cycle 
by L. plantarum (BAA-793) within RBF can be deemed 
successful. The RBF was stopped at the 5th cycle when the 
sorbitol production was 7.619 g/L (approximately < 50% of 
the initial sorbitol production) and considered unworthy to 
continue. The findings demonstrated that immobilised L. 
plantarum B7 outperformed the free cells in terms of GABA 

and lactic acid production under RBF mode (Table 4). Ear-
lier, Kourkoutas et al. [27] reported a total of 15 successive 
fermentation batches of whey-producing lactic acid carried 
out using apple and quince-immobilised Lacticaseibacillus 
casei, while only six batches were obtained using free cells. 
Reddy et al. [29, 35] reported that utilising watermelon rind 
and guava immobilised yeast cells produced 12 successive 
wine-making fermentation batches (3 batches for each tem-
perature of 15, 20, 25 and 30 °C). Meanwhile, around seven 
successive cycles of β-CD production have been reported 
using palm curtain immobilised Bacillus circulans ATCC 
21783 with more than 80% of remaining enzyme activity 
[62].

According to Table  4, watermelon rind biocatalyst 
produced the highest amounts of total successful GABA 
(218.480 ± 0.280 g/L) and lactic acid (286.719 ± 0.207 g/L) 
content, followed by apple biocatalyst and finally free cell. 
When compared to GABA and lactic acid produced by 
free cells in single batch fermentation (first cycle of RBF), 
GABA and lactic acid from the free cell, RBF rose 3.0 and 
4.2 times, respectively (Figs. 5 and 6). However, compared 
to the production of GABA by the free cell L. plantarum 
B7 from the first cycle of RBF, GABA was enhanced to 6.7 
(218.480 ± 0.280 g/L) and 6.0 (195.439 ± 0.042 g/L) times 
for watermelon rind and apple biocatalysts, respectively, 
when employed in the RBF. Meanwhile, the lactic acid pro-
duction by free cells in the first cycle of RBF could be raised 
by 6.8 (286.719 ± 0.207 g/L) and 6.0 (253.889 ± 0.140 g/L) 

Table 4  Total successful GABA and lactic acid production from various samples in RBF

*Successful batch (the concentration needs to be at least 50% of the initial/first batch concentration). Each data represents the mean ± SEM of 
three replicates. Different lowercase letters within the same row indicate statistically significant differences (p < 0.05) of the total GABA concen-
tration among various samples. Meanwhile, different uppercase letters within the same row indicate statistically significant differences (p < 0.05) 
of the total lactic acid concentration among various samples

Batch GABA concentration Lactic acid concentration

Free cell Watermelon rind bio-
catalyst

Apple biocatalyst Free cell Watermelon rind bio-
catalyst

Apple biocatalyst

1 32.602 ± 0.043* 31.561 ± 0.037* 31.423 ± 0.045* 42.153 ± 0.096* 40.068 ± 0.053* 40.395 ± 0.012*
2 25.870 ± 0.043* 32.016 ± 0.045* 31.992 ± 0.045* 40.456 ± 0.044* 41.680 ± 0.017* 41.620 ± 0.012*
3 22.390 ± 0.061* 28.691 ± 0.016* 27.683 ± 0.024* 35.752 ± 0.036* 37.837 ± 0.032* 36.382 ± 0.079*
4 17.203 ± 0.081* 26.667 ± 0.109* 24.894 ± 0.022* 31.727 ± 0.032* 35.122 ± 0.121* 33.921 ± 0.135*
5 11.163 ± 0.072 23.894 ± 0.033* 23.862 ± 0.063* 25.059 ± 0.014* 33.194 ± 0.024* 30.745 ± 0.012*
6 5.325 ± 0.008 22.114 ± 0.100* 20.813 ± 0.063* 19.652 ± 0.044 29.654 ± 0.155* 26.223 ± 0.056*
7 1.935 ± 0.096 19.130 ± 0.081* 18.870 ± 0.008* 13.651 ± 0.032 25.265 ± 0.012* 23.022 ± 0.073*
8 - 18.423 ± 0.096* 15.902 ± 0.024* 8.814 ± 0.349 22.513 ± 0.036* 21.580 ± 0.108*
9 - 15.984 ± 0.096* 12.984 ± 0.022 1.964 ± 0.010 21.386 ± 0.016* 19.761 ± 0.012
10 - 14.081 ± 0.041 10.797 ± 0.069 - 19.822 ± 0.111 17.712 ± 0.111
11 - 10.130 ± 0.069 7.740 ± 0.081 - 17.991 ± 0.012 15.748 ± 0.073
12 - 9.390 ± 0.061 4.593 ± 0.008 - 14.354 ± 0.008 12.111 ± 0.081
Total for 

successful 
batches

98.065 ± 0.057c 218.480 ± 0.280a 195.439 ± 0.042b 175.147 ± 0.106C 286.719 ± 0.207A 253.889 ± 0.140B
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times when using watermelon rind and apple-supported cells 
via RBF.

Studies using cellulosic materials as probiotic carriers are 
new to ensuring the viability of the probiotic strain in the 
gastrointestinal tract. This is due to the fact that there are no 
cellulosic compounds that can be digested within the human 
digestive system that enable the cellulose-immobilised pro-
biotics to reach the colon safely without significant loss [27]. 
Probiotic strains found in the large intestine serve to sustain 
human health by developing a balanced gut flora [72]. As a 
result, fruits and fruit wastes with high cellulose content are 
known as the best carrier option for probiotics that might 
be used in the functional foods and beverages industries to 
produce highly nutritional and valuable products containing 
GABA and other bioactive compounds. Apart from enhanc-
ing the nutritional quality of food by adding probiotics, the 
shelf life of the food could also be improved. Additionally, 
the food’s flavour and aroma could be also enhanced [27]. 
Besides, using natural carriers such as fruits and fruit waste 
also improves the nutritional value of the final product as it 
contains nutritious and bioactive components. Apples, for 
instance, are an excellent source of various bioactive sub-
stances, particularly phenolic compounds, including phe-
nolic acids, flavonols, flavan-3-ols, dihydrochalcones and 
anthocyanins [73]. It also contains much ascorbic acid [74]. 
In the meantime, pectin, a common polysaccharide used as 
an additive in the food industry [75], and citrulline, a non-
protein amino acid with antioxidant and vasodilatation activ-
ity [76], are both naturally present in the watermelon rind. 
Additionally, compared to its flesh, watermelon rind has a 
higher concentration of phenolic compounds [76]. There-
fore, fruits and fruit wastes have a better prospect as natu-
ral carriers for the immobilisation of probiotics to produce 
specific components or products, especially in the functional 
food and beverage industries, which have vast health benefits 
for humans.

There are two distinct approaches to employing whole-
cell immobilisation in various applications: column-packed 
whole-cell biocatalysts and dispersed whole-cell biocata-
lysts. Column-packed whole-cell biocatalyst involves the 
packing of whole-cell immobilised matrices within a col-
umn, offering a controlled and stable environment for reac-
tions and facilitating separation. It is particularly well-suited 
for continuous processes but can face challenges related to 
mass transfer limitations and the potential for clogging or 
fouling of the column [77]. In contrast, dispersed whole-
cell biocatalyst disperses a solid or fine powder-immobilised 
whole-cell within a reaction mixture, providing a high sur-
face area for reactions and the potential for faster reaction 
rates with higher productivity [77]. Also, dispersed biocata-
lyst systems are often easier to scale up for industrial pro-
cesses compared to column-packed biocatalysts. Moreover, 
the bioreactor system for dispersed biocatalysts (stirred tank 

reactor) is much cheaper compared to column-packed bio-
catalysts (packed bed reactor) [78]. Therefore, a dispersed 
biocatalyst approach was used in this study to evaluate 
GABA production via an RBF system.

Besides, upscaling the production of GABA using the 
method described in this study can yield various economic 
implications. On a positive note, this approach optimises 
resource utilisation by utilising fresh fruit and fruit waste, 
potentially reducing waste and raw material costs [35, 54]. 
Lower production costs may also be achieved through the 
accessibility and affordability of fruit and fruit waste [27, 
28, 54], enabling a diversified product line and offering dif-
ferent fruit flavours and potential health benefits to cater to 
a broader consumer base. Additionally, adopting sustain-
able practices by repurposing fruit waste can enhance a 
company’s brand image among environmentally conscious 
consumers. It may provide opportunities for market differ-
entiation, allowing for premium pricing. In addition, produc-
ing GABA via a repeated batch fermentation approach can 
enhance resource efficiency by allowing multiple fermen-
tation cycles with the same immobilised cells, potentially 
reducing production costs [60]. Nevertheless, challenges 
include the significant initial investment in equipment and 
facilities, potential increases in operating costs, batch-to-
batch variability in product yield, scaling complexities, 
market demand fluctuations and the need for a consistent 
supply of high-quality raw materials, especially when deal-
ing with seasonal and regional variations. Thus, a thorough 
business plan and a feasibility analysis are essential prereq-
uisites before embarking on such an economically impactful 
endeavour.

Conclusion

In summary, a potential probiotic strain, Lactiplantiba-
cillus plantarum B7 immobilised on natural supports has 
improved the biosynthesis of GABA, lactic acid and its 
survivability via RBF compared to free cells. Apple pieces 
and watermelon rind, respectively, were found to be the 
ideal natural supports for GABA and lactic acid synthesis 
by L. plantarum B7, with greater cell viability among the 
examined fruits and fruit wastes. Additionally, both GABA 
and lactic acid with good yield were produced up to the 
9th cycle using watermelon rind-supported cells and up to 
the 8th cycle using apple-supported cells in the RBF. When 
compared to GABA production by free cells in single batch 
fermentation (first cycle of RBF), GABA concentration 
could be increased up to 6.7 (218.480 ± 0.280 g/L) and 6.0 
(195.439 ± 0.042 g/L) times utilising watermelon rind sup-
ported cells and apple pieces supported cells, respectively. 
Moreover, lactic acid titre by free cells in a single batch fer-
mentation could be increased by 6.8 (286.719 ± 0.207 g/L) 
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and 6.0 (253.889 ± 0.140 g/L) times using watermelon rind 
immobilised cells and apple immobilised cells, respectively, 
via RBF. Besides, when immobilised on natural support, L. 
plantarum B7 was able to retain ~50% of its cell viability 
even after the 12th cycle of RBF, in contrast to free cells that 
were only up to the 4th (GABA) and 5th (lactic acid) cycles.
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