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Abstract
Batch fermentation of molasses for l(+) lactic acid production using corn steep liquor (CSL) as nitrogen source by immobi-
lized Lactobacillus (Lb.) casei MTCC 1423 has been studied. Among different tested immobilizing matrices, sodium alginate 
has been observed to be the best matrix for l(+)-lactic acid production. Significant reduction in cell release with double layer 
coated (chitosan and alginate, ACA) beads in comparison to uncoated alginate beads as well as with single layer of chitosan 
coated beads was observed. Stability of beads in reusability process as a function of l(+)-lactic acid production was tested 
and found that double layer coated alginate beads containing Lb. casei MTCC 1423 with chitosan and alginate was effective 
for reducing its porosity, effective l(+)-lactic acid production, enhancing stability and cell entrapment efficiency. Process 
conditions influence on the production of the l(+)-lactic acid production using immobilized cell system has been studied 
and maximum lactic acid was obtained with beads having diameter: 2.5 mm, biomass concentration: 40 g (cell dry weight, 
CDW)/L, shaking speed: 150 rpm, substrate concentration: 175 g/L, CSL concentration: 25 mL/L, at incubation temperature 
of 37 °C after incubation time of 72 h and pH 7.0.
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Introduction

l(+)-Lactic acid (LA) is an organic acid and belongs to car-
boxylic acid family. Lactic acid naturally exists as two opti-
cal isomers that result in three types of lactic acid: l-LA, 
d-LA, and recemic dl-LA [1]. Chemical synthesis of lactic 
acid produces a recemic mixture (d&l-lactic acid) from pet-
rochemical resources while sterio-specific lactic acid can be 
produced from renewable resources by fermentation pro-
cess while choosing the appropriate microorganism (fungi 
and lactic acid bacterium, LAB) provides an alternative to 
the escalating environmental pollution due to petrochemi-
cal industry and inadequate petrochemical resources [2]. 

Lactic acid producing bacteria (LAB) have received preva-
lent attention worldwide among the investigators due to their 
ability of high growth rate and product yield. However, due 
the limited ability of LAB towards synthesizing amino acids 
and B-vitamins, there is a complex requirement of nutrient 
supplimenatation [3]. Over 90% of commercial lactic acid is 
produced by LAB through fermentation route [4].

Over the years, lactic acid has been applied in many pro-
cesses of chemical, food, cosmetic, Pharmaceutical industry 
primarily as neutralizers, flavor enhancer, preservative etc 
and as a chemical feedstock for propylene oxide, acetalde-
hyde, biodegradable poly lactic acid (PLA) etc. [5].

Refined sugars, a conventional substrate had been uti-
lized for the fermentive LA production, but it is expensive 
[6]. Currently research efforts are being focused to develop 
new economical and effective nutritional sources as well 
as new progressive sustainable fermentation techniques for 
achieving effective conversion of substrates to high lactic 
acid production [7]. Economical and efficient lactic acid 
fermentation is still a challenging task on many fronts and 
the identification of economic substrate plays an important 
role towards up-gradation of such processes [8]. Lactic acid 
manufacturing cost could be possibly reduced by using 
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renewable raw materials like molasses, starch and lignocel-
lulose as a cheap substrate for fermentive lactic acid produc-
tion. A byproduct like molasses has been recognized as cost 
effective raw material for the lactic acid production as it con-
tains sufficient nitrogen, vitamins and high sugar content [9].

Another most important nutrient for lactic acid bacteria 
is nitrogen. Generally, complex nitrogen addition to the fer-
mentation broth is ensured in achieving a proper C/N (car-
bon to nitrogen) ratio [8]. Nitrogen sources can be organic 
substances, like corn steep liquor (CSL), yeast extract, pep-
tone etc. and inorganic salts, such as ammonium nitrate and 
ammonium sulfate [10]. An inexpensive nitrogen sources, 
CSL contains high amount of amino acids and polypeptides 
and significant quantity of B-complex vitamins.

Immobilized LAB exhibits significant economic advan-
tages compared to the application of free cells as it helps to 
reduce the production cost by coupling fermentation and 
separation processes and organize the lactic acid biosynthe-
sis by non-growing cells over a longer period of time [11, 
12] It also enables reutilization of cells by recycling opera-
tions, improvement in handling characteristics of microbes, 
attainment of higher volumetric productivities, reduction of 
the contamination possibilities and product/substrate inhibi-
tion etc. [12, 13]. Generally, cell entrapment, cell attachment 
or cell pellets formation are employed for immobilization 
of microbial cells [14]. Among the different fermentation 
conditions, immobilization matrix selection is one of the 
vital parameter to get sustained/improved biosynthesis of 
lactic acid without cell loss. Different natural matrix like 
agar, carrageenan, alginate, cellulose and its derivatives etc. 
and synthetic matrixes such as polyester, polyacrylamide, 
polyurethane, polystyrene etc. have been utilized for immo-
bilization of many microbial species capable of producing 
lactic acid [15].

The cells may leak from the pellet due to the heterogene-
ous growth of the biomass immobilized inside the mem-
brane leading to formation of a dense biofilm composed 
by a large number of cells in the outer surfaces near the 
membrane-solution interfaces and show a pseudohyphal 
morphology, which is capable of extending into the liquid 
medium [16–18]. Coating of the beads with the additional 
layer of cell free alginate can cause reductions in cell release 
[19, 20].

Keeping in view the above, present work was carried out 
for obtaining the process conditions for the development of 
an economical and efficient process of l(+)-lactic acid pro-
duction using low cost agro-industrial waste as carbon and 
nitrogen source by immobilized cell system.

Materials and Methods

Materials

Sugarcane molasses was obtained from Bhagwanpura Sugar 
Mill Limited Dhuri, Punjab, India. CSL, waste water was 
obtained from Sukhjeet Industries, Phagwara, Punjab, India. 
Sugarcane molasses and corn steep liquor were maintained 
and stored at 4 °C. All the chemicals used during present 
experimental investigations were of analytical grade (HPLC 
grade for HPLC analysis) and procured from HiMedia Lab-
oratories Pvt. Limited, Mumbai (India), Merk India Ltd., 
Mumabi (India), Fluka Goldie Chemika-Biochemica, Mum-
bai (India) and Sigma-Aldrich (USA).

Microorganism

Homofermentive, Lactobacillus (Lb.) casei MTCC 1423, 
was procured from Microbial Type Culture Collection 
(MTCC), Institute of Microbial Technology (IMTECH), 
Chandigarh, India. Sterile MRS (de Mann Rogosa Sharpe) 
broth was utilized for culturing the freeze-dried microbes for 
20 h at 37 °C (0.1 g/L). The obtained culture was sub-cul-
tured (37 °C, 20 h) twice in sterile growth medium (MRS) 
using 0.1 g/L of inoculums for activation and adaptation. 
During the experimentation, after every week the stock cul-
ture (250 mL) was sub-cultured in MRS growth medium and 
maintained at 4 °C.

Fermentation Media

Without pretreatment, corn steep liquor and the molas-
ses have been diluted with deionized  H2O to achieve the 
required sugar concentration for fermentation. Fermentation 
medium was prepared with molasses sugar concentration of 
(25–400 g/L),  MnSO4 (0.02 g/L),  CaCO3 (0.25 g/g sugar 
content) and CSL (0–35 mL/L). The pH was adjusted with 
4.0 N NaOH and conc.  H2SO4. Before the onset of fermen-
tation, sterilization (121 °C, 15 psi for 20 min) of 50 mL 
medium contained in Erlenmeyer flasks was carried out.

Screening of Matrixes

Lb. casei MTCC 1423 cells were cultivated in MRS broth 
for 24 h at a controlled temperature of 37 °C. Cells were 
harvested aseptically after centrifuging (6700 rpm × 12 min 
at 4 °C) and washing with phosphate buffer (0.1 M, pH 7.0) 
twice. Different matrixes namely sodium alginate, chitosan, 
k-carrageenan, PVA-alginate and PEG-alginate were used 
for immobilization of Lb. casei MTCC 1423 cells. All the 
experiments were conducted in triplicate.
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The procedure as adopted by Idris and Wahidin [21] 
and Kaleem et al. [22] has been utilized for entrapping Lb. 
casei MTCC 1423 cells in sodium alginate (20 g/L) solu-
tion which was sterilized (121 °C, 20 min) and the cells 
were mixed with this solution. The beads of appropriate 
size were formed by the dropwise addition of resultant 
mixture into a sterile solution of calcium chloride (0.2 M) 
with the help of sterilized syringe followed by hardening 
of beads for 30 min and washing with sodium chloride 
solution (8.5 g/L) and stored at 4 °C.

Lactobacillus casei MTCC 1423 cells were encap-
sulated in k-carrageenan (20 g/L) using the method as 
described by Kashipeta et al. [23]. k-carrageenan solu-
tion (20 g/L) was prepared by heating at 60 °C to dis-
solve k-carrageenan. Lb. casei MTCC 1423 cells were 
mixed with molten k-carrageenan at 40 °C and beads were 
formed with the help of sterilized syringe by dropping into 
a potassium chloride solution (20 g/L).

Lactobacillus casei MTCC 1423 cells were immobi-
lized by entrapping into chitosan as described by Liang 
et al. [19]. The harvested cells were mixed with sterilized 
chitosan solution (20 g/L) obtained by dissolving in acetic 
acid solution (10 mL/L) and beads were prepared from 
this mixture with the help of sterilized syringe by drop-
ping into  Na5P3O10 (20 g/L) (pH 5.7) and continuously 
stirred. Beads were allowed to stand for 2 h to harden in a 
 Na5P3O10 solution (20 g/L). Then beads were recollected 
and washed with sterile deionized water.

Lactobacillus casei MTCC 1423 cells were entrapped 
in poly vinyl alcohol (90 g/L)—sodium alginate (10 g/L) 
by following the procedure as described by Idris et al. [24] 
and Zain   et al. [25]. The Lb. casei MTCC 1423 cells 
were mixed with a solution containing PVA (90 g/L) and 
sodium alginate (10 g/L) solution and dropped using a 
sterilized syringe into a solution (100  mL) obtained 
by mixing of calcium chloride (20 g/L) and boric acid 
(30 g/L) and stirred for 30–50 min. The beads were stored 
at 4 °C. After 24 h the beads were then the transferred 
into boric acid solution (10 g/L) and stirred for 30 min 
and afterwards beads were put into 0.5 M sodium sulphate 
solution for another 30 min. The beads were kept at 4 °C 
for further use.

The Lb. casei MTCC 1423 cells were mixed with a solu-
tion containing polyethylene glycol (200 g/L) and calcium 
chloride (20 g/L) and were immobilized by microencapsula-
tion using the method as described by Sarote et al., [26]. The 
resulting suspension was extruded drop wise using sterilized 
syringe on the surface of a sterile solution containing sodium 
alginate (5 g/L) and Tween 80 (1 mL/L) and agitated. The 
beads were screened and washed with sterile deionized water 
and resuspended for hardening in a mildly stirred solution of 
 CaCl2 (10 g/L), pH 6.0 for 30 min. These beads were used 
during lactic acid production.

Bead Coating

To study the effect of different matrices for bead coatings 
on cell release and production of lactic acid by Lb. casei 
MTCC 1423, alginate beads were coated with chitosan (AC), 
or sequentially with chitosan/alginate (ACA) or chitosan/
alginate/chitosan (ACAC). The bead coating was carried out 
as described by Klinkenberg et al. [20].

A chitosan (4 g/L) solution was prepared by dissolv-
ing appropriate quantity of chitosan in acetic acid solu-
tion (10 mL/L) using magnetic stirrer and a pH of 5.6 was 
adjusted for coating the beads with chitosan. This solu-
tion was sterilized and then cooled. The alginate beads 
were immersed in it and stirred to apply a chitosan coat. 
After 45 min, the beads were washed with sterile distilled 
water after sieving off from the chitosan solution. To apply 
another additional alginate layer, these chitosan coated 
beads were transferred to a sterilized solution of sodium 
chloride (0.2 M) and calcium chloride (0.05 M) and stirred 
for 15 min. The beads were then immersed in a sodium algi-
nate solution (5 g/L), stirred for 10 min and then washed 
with sterile deionized water. Afterwards these beads were 
put in back to a solution of sodium chloride (0.2 M) and 
calcium chloride (0.05 M). For applying another layer of 
chitosan same procedure as described above was adopted. 
The bead coating processes were carried out at ambient 
temperatures and the finished beads were stored in peptone 
solution (7.5 g/L) until utilized.

Process Parametric Effect on Lactic Acid Production 
Using Immobilization Cell System

To obtain the efficient lactic acid production by immo-
bilized Lb. casei MTCC 1423, the effect of the molas-
ses sugar content (25–250 g/L), effect of nitrogen source 
i.e. CSL (15–35  mL/L) in the fermentation media and 
sodium alginate concentrations (10–30 g/L) for bead for-
mation, bead size (1.5–3.4 mm), biomass loads (6.5–55 g 
(CDW)/L (20 g/L sodium alginate solution)), shaking speed  
(0–200 rpm), incubation temperatures (23–45 °C) and pH 
(3.5–7.5) were investigated. All the experiments were con-
ducted in triplicate.

The reusability of Lb. casei MTCC 1423 cells immobi-
lized in sodium alginate without coating (SA) and with sin-
gle (AC), double (ACA) and triple layer coating (ACAC) on 
lactic acid production was examined as per the procedure 
described by Reyed [27]. The fermentation media was asep-
tically decanted after every 72 h from each flask. Then after 
the addition of fresh medium the process was again contin-
ued by running the subsequent batches for 72 h intervals for 
the next cycle. The performance of immobilized cells was 
also compared with free Lb. casei MTCC 1423 cells for 
lactic acid production by recycling them after every 72 h.
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Analytical Methods

Lactic Acid and Sugar Concentration Measurement

The fermentation broth samples were centrifuged 
(6700 rpm × 12 min at 4 °C) by using Eppendorf centrifuge 
and the supernatant thus obtained was once filtered using 
Whatman filter paper and then twice through a membrane 
filter (0.22 µm) using vacuum pump (Millipore filtration 
assembly) and further utilized for lactic acid concentration 
and sugar concentration measurement. Lactic acid concen-
tration measurement (in triplicate) by the HPLC method 
[28] was carried out using Shimadzu LC 2010 CHT (Shi-
madzu Corporation, Kyoto, Japan) equipped with column 
oven, dual wavelength UV–Visible detector and low pres-
sure quaternary gradient pump. The LC solution software 
was utilized for recording the chromatographic data and 
processing. The column oven temperature was maintained 
at 25 °C. The phosphate buffer (10 mM, pH 3.0) and ace-
tonitrile at 95:5% (v/v) ratio as mobile phase was used for 
performing the isocratic elution. The flow rate of 1 mL/min 
was maintained and injection volume was 50 μL. The efflu-
ent was monitored at a wavelength of 210 nm. The internal 
standard curve was developed for quantification of lactic 
acid concentration in fermentation broth. The calibration 
standards were prepared using known lactic acid concen-
trations (10–100 mg/L) obtained by serial dilution method 
from a lactic acid solution (100 mg/L). The concentration 
of molasses total sugar was determined (in triplicate) as per 
the phenol sulfuric acid method [29] using the UV–visible 
spectrophotometer (DR 5000, HACH USA).

Biomass and Cell Leakage Determination

Both biomass in freely suspended cultures and cells leaked 
from the immobilizing matrix as cell dry weight (CDW) 
were determined by monitoring absorbance with a UV–vis-
ible spectrophotometer (DR 5000, HACH USA) of 1/10 to 
1/105 dilutions of the fermentation broth samples. Cell dry 
weight was calculated through calibration curve relating the 
optical density at 660 nm to CDW (g/L) following centrifu-
gation and washing of cells. The cell dry weight was deter-
mined by centrifuging (6700 rpm × 12 min at 4 °C) broth 
(MRS/molasses) sample as well blank sample of equal quan-
tity followed by re-suspension of pallets obtained twice in 
phosphate buffer (0.1 M, pH 7.0) and re-centrifugation. Then 
these were kept in an oven (65 °C, 72 h) before weighing. 
The difference in the masses obtained from the broth and 
blank samples were taken as cell dry weight.

A series of dilutions of samples obtained after fermen-
tation was used to establish a linear  OD660 to biomass 

concentration (CDW) relationship. This correlation was 
used to convert all  OD660 values to biomass concentration 
(CDW).

Calculation of Fermentative Parameter

Product yield (YP/S, g/g) was calculated as a slope of the 
curve obtained by plotting lactic acid production against 
total sugar consumption [30].

Results and Discussion

Screening of Matrix for the Lactic Acid Production

The efficiency of different immobilizing matrixes has been 
studied for lactic acid production using Lb. casei MTCC 
1423. Among different immobilizing matrix, alginate was 
found to be the best matrix to be utilized. (Fig. 1). Result 
showed that at different incubation time (24, 36, 48 and 
72 h), the highest lactic acid (43.23 ± 1.58, 78.76 ± 1.67, 
106.75 ± 2.12 and 124.78 ± 2.34 g/L respectively) was pro-
duced by Lb. casei MTCC 1423 cells immobilized in algi-
nate matrix compared to others (Fig. 1). The highest yield 
(0.928 ± 0.0232 g/g) after 72 h was also obtained by using 
alginate matrix. This may be due to the fact that alginate 
barrier constitutes a transparent semi-permeable spherical 
fine coat around the bacterial cells through which nutrients 
and metabolites readily permeate [30, 31]. Therefore algi-
nate had been considered as best immobilization matrix to 
encapsulate Lb. casei MTCC 1423 cells for the lactic acid 
production during this study.
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Fig. 1  Effect of immobilizing matrix on lactic acid production using 
immobilized Lb. casei MTCC 1423 (Experimental conditions: Sugar 
content: 175 g/L; corn steep liquor: 25 mL/L;  MnSO4: 0.02 g/L; pH 
6.75; incubation temperature: 37  °C;  CaCO3: 0.25  g/g sugar; bead 
size: 2.5  mm; 40  g (cell dry weight)/L (sodium alginate solution: 
20 g/L); agitation speed: 150 rpm; incubation time: 24, 36, 48, 72 h)
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Effect of Alginate Concentration

The pore size of the beads depends upon the degree of cross 
linking of the gelling agent. The effect of various sodium 
alginate concentrations (10–40 g/L) utilized for the entrap-
ping the Lb. casei MTCC 1423 cells for the lactic acid pro-
duction has been  studied (Fig. 2). The lactic acid production 
first increased with the enhancement in sodium alginate con-
centration upto 20 g/L and further increment in alginate con-
centration had resulted in a fall in lactic acid production. It 
had been observed that cell leakage after 72 h of incubation 
time had decreased (0.72–0.21 g/L, CDW) with the increase 
in sodium alginate concentration (20–40 g/L). Actually, algi-
nate concentration is also directly related with the effective 
diffusivity of the substrate and at its higher concentration, 
the bead surface become stronger and denser, causing a 
decrease in mass transfer diffusivity of substrate, nutrients 
and products transported across the bead. This may be due 
to the fact that the binding sites for  Ca2+ ions has increased 
with the enhancements of biopolymer molecules per unit 
volume of solution, as the sodium alginate concentration 
increases forming probably a more densely cross-linked gel 
structure, which results in the formation of thinner walls 
[21]. There was a prominent cell leakage (2.12 g/L, CDW) 
from the beads formulated with low sodium alginate concen-
tration (10 g/L), because of the production of too soft beads 
and thus low mechanical strength make it susceptible to be 
easily broken hence resulted in cell leakage from the beads 
when it was employed in a shaking incubator or a stirred 
tank reactor [31, 32]. Beads with 20 g/L alginate concentra-
tion had been noticed to produce higher amount of lactic 
acid (124.34 ± 2.12 g/L) and yield (0.9434 ± 0.0212 g/g) 

after 72 h of incubation time. Probably this may be owing 
to the less cross linking of the alginate molecules at this 
alginate concentration. Therefore it may have formed less 
densely packed three-dimensional lattices structure through-
out the bead including the outermost layer. This could have 
resulted in easy transportation of nutrients and substrate into 
the permeable beads thus facilitates Lb. casei MTCC 1423 
growth leading to increased productivity [21]. So taking into 
consideration, the most effective balance for permeation and 
strength, the polymer concentration of 20 g/L (alginate) to 
prepare the beads for immobilizing cells had been chosen for 
further study. These results were also in agreement with the 
previous studies, where optimum sodium alginate concentra-
tion was found to be 20 g/L [21].

Effect of Bead Coating

The effect of chitosan and alginate coatings of alginate 
beads enclosing/entrapping Lb. casei MTCC 1423 on the 
lactic acid production were studied in batch fermenta-
tions (Fig. 3). Though, lactic acid production and yield had 
decreased with each additional coating layer but the cell 
leakage was observed to decrease with the increase in the 
coating layers. The lactic acid produced and yield after 72 h 
incubation time were observed to be 127.23 ± 2.25 (g/L) 
and 0.92 ± 0.02 (g/g) using uncoated (SA), 124.23 ± 2.15 
(g/L) and 0.906 ± 0.193 g/g using chitosan (AC) coated, 
122.56 ± 2.34 (g/L) and 0.8956 ± 0.0166 (g/g) using chi-
tosan/alginate (ACA) coated and 117.12 ± 2.02 (g/L) & 
0.8645 ± 0.145 (g/g) using the chitosan/alginate/chitosan 
(ACAC) coated beads respectively. The decrease in lac-
tic acid production and yield with the addition of coating 
layer may be owing to the decrease in the mass transfer 
of substrate and essential nutrients, since the electrostatic 
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Fig. 2  Effect of alginate concentration on lactic acid production using 
immobilized Lb. casei MTCC 1423 (Experimental conditions: sugar 
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interactions between alginate carboxylate groups and 
divalent cations form a mechanically stable network. The 
cell release of 0.87 ± 0.076, 0.36 ± 0.035, 0.25 ± 0.30 & 
0.15 ± 0.028 (g/L, CDW) was observed from the uncoated, 
chitosan, chitosan/alginate and chitosan/alginate/chitosan 
coated beads respectively after 72 h of incubation time. Algi-
nate beads containing calcium carbonate microparticles are 
pH-sensitive beads and in the acidic conditions cavities in 
the matrix can be formed due to leaching out of calcium 
carbonate and hence leading to the possible promotion of 
release of cells. While alginate beads coated with chitosan 
results in an strong electrostatic interaction between nega-
tively charged alginate and positively charged chitosan. Due 
to this interaction chitosan formed a dense coat with the 
surface of alginate beads in acidic condition, leading to a 
suppressed release [33]. Significant reduction in cell release 
with beads coated with chitosan and alginate in comparison 
to uncoated alginate beads as well as with beads coated with 
a single layer of chitosan had been also reported [20].

Lactic Acid Production Using Immobilized Cell 
System

The process conditions such as substrate concentration, CSL 
concentration, bead size, biomass concentration, shaking 
speed, pH, and incubation temperature and incubation time 
have been optimized to enhance the lactic acid production.

Effect of Substrate Concentration

Increase in lactic acid production by the immobilized Lb. 
casei MTCC 1423 cells and yield had been noticed with the 
increase in substrate concentration upto 175 g/L (Fig. 4), 
however with further increase in substrate concentration 
had caused a decrease in the lactic acid production and 

yield owing to the substrate inhibition [34] and moreover 
the high concentration of sugar concentration (molasses) 
makes the viscosity of the media high, imposing diffusional 
resistance to transport of essential nutrients as well as the 
product across the beads [35]. The heighest lactic acid pro-
duction and yield have been obtained as 124.21 ± 1.87 g/L 
and 0.924 ± 0.023 g/g respectively after 72 h of incubation 
time and 175 g/L sugar concentration.

Effect of Nitrogen Content

Without the supplementing the media with CSL, 98.7 g/L 
of lactic acid was produced by immobilized Lb. casei MTCC 
1423 after 72 h (Fig. 5) indicating that molasses is forti-
fied with enough nitrogen sources necessarily required for 
the growth of such a fastidious organisms. The addition of 
CSL upto 25 mL/L tends to enhance the lactic acid pro-
duction. 25% increase in the lactic acid production after 
72 h of fermentation had been observed with the supple-
mentation fermentation media with 25 mL/L CSL (Fig. 5). 
However further increase in CSL had decreased the amount 
of lactic acid produced after 72 h of fermentation. Yield 
(0.926 ± 0.021 g/g) had also been found to be maximum at 
25 mL/L CSL.

Effect of pH

At initial pH 6.5–7, the metabolic activities of immobilized 
Lb. casei MTCC 1423 cells were observed to be at best since 
the microbes had started utilizing molasses sugar earlier at 
a faster rate compared to other initial pH (Fig. 6) Further 
increase has caused a decrease in lactic acid production as 
well as in yield. The organism metabolic abilities may be 
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got too much stressed at higher initial pH [21]. The product 
inhibition enhances as the medium pH is farther away from 
the internal pH maintained by the bacteria. Though the dis-
sociated as well as undissociated lactic acid had inhibitory 
effect on its production but the undissociated lactic acid 
cause more inhibition in comparison to dissociated one. As 
the pKa for lactic acid is 3.86, so at low pH the high fraction 
of undissociated lactic acid resulted in low cell growth hence 
low lactic acid production [36]. It had been observed from 
the data that the immobilized Lb. casei MTCC 1423 seems 
to grow well and perform efficiently in a neutral environ-
ment having initial pH range of 5.5–7.5, with best lactic 
acid production (125.23 ± 2.67 g/L) at around initial pH 
7. Different microbes have different pH optima [34]. For a 
homofermentative process in a recycle batch reactor, lactic 
acid production by immobilized Lb. casei at pH of 6.0 was 
found to be optimal [37].

Effect of Bead Size

The effect of bead size (1.5–3.4 mm) on the lactic acid 
production and yield by immobilized Lb. casei MTCC 
1423 cells has been revealed in Fig.  7. Maximum lac-
tic acid concentration (123.67 ± 2.1  g/L) and the yield 
(0.918 ± 0.02 g/g) were attained after 72 h with the 2.5 mm 
bead diameter. Increasing the bead size beyond 2.5 mm had 
not improved lactic acid production. The beads of 3.4 mm 
diameter with immobilized cells had resulted in a decre-
ment in the production of lactic acid (112.34 ± 2.19 g/L) 
and yield (0.851 ± 0.021 g/g). The results were in agree-
ment with the previously reported work where the maxi-
mum phenol removal rate was observed for smallest parti-
cle (0.2 cm) since the diffusional limitations got enhanced 
with the increase in bead size [34]. Maximum lactic acid 

concentration using Lb. bifermentans immobilized in Ca-
alginate was obtained with the 2 mm bead diameter [38].

The bead size of 2.41–2.79 mm had been reported to be 
optimum for the peak level of lactose consumption and lactic 
acid production from whey [39]. The density of S. cerevisiae 
encapsulated in alginate–chitosan–alginate microcapsules 
with smaller diameter (200 μm) was found to reach the high-
est and had fewer aggregates and higher cell growth rate 
[40]. Therefore bead size of 2.5 mm was considered for lac-
tic acid production using double layer coated (ACA) sodium 
alginate beads for lactic acid production.

Effect of Biomass Concentration

The effect of biomass concentration loaded in the beads 
on the lactic acid production and yield was investigated by 
incorporating 6.5–55 g (cell dry weight) biomass of Lb. casei 
MTCC 1423 cells in 1 L of sodium alginate (20 g/L) solu-
tion. The maximum lactic acid production of 128 ± 2.03 g/L 
and 0.922 ± 0.022 g/g yield was observed with a biomass of 
40 g (CDW)/L after 72 h of incubation time (Fig. 8). Further 
enhancement in biomass concentration had led to decrease 
in lactic acid production as well as the yield. The increase in 
biomass beyond a threshold value may affect the cell growth 
rate due to space limitation within the matrix causing arrest 
of growth and hence decrease in lactic acid production [17].

Effect of Agitation

The lactic acid production as well as the yield has been 
observed to increase with increase in agitation (Fig. 9). 
Since the efficiency of immobilized system depends upon 
the transport capability and the metabolic activity within the 
beads. The diffusional activity becomes the rate limiting step 
as soon as the rate of substrate consumption and production 
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reaches at a certain level. The diffusion process is controlled 
by the fluid film formed around the beads. It offers resist-
ance to mass transfer and is affected by the bead diameter, 
viscosity and agitation. Agitation increases the external mass 
transfer coefficient causing enhanced diffusion of substrate 
and other essential nutrients through the immobilized beads 
and it also act synergistically with the  CaCO3 added in the 
fermentation medium resulting in highest lactic acid pro-
duction (128.45 ± 2.2 g/L) and yield (0.935 ± 0.023 g/g) at 
150 rpm after 72 h. Agitation of the fermentation media 
causes more efficient uniform distribution of substrate and 
lactic acid produced in the fermentation broth leading to bet-
ter mass transfer between solid particles of  CaCO3 and the 
fermentation media, hence enabling efficient neutralization 
of lactic acid produced during the fermentation [41]. The 
increase in agitation beyond 150 rpm, where mass transfer is 

dominated by mechanical shaking didn’t improve the lactic 
acid production as well as yield. Hence agitation was con-
trolled at 150 rpm for lactic acid production by immobiliza-
tion Lb. casei MTCC 1423, with a consideration to maintain 
minimum possible shear stress on the beads containing cells.

Effect of Incubation Temperature

The effect of temperature (23–45 °C) on the lactic acid pro-
duction and yield by immobilized Lb. casei MTCC 1423 
cells has been presented in Fig. 10. The highest lactic acid 
production of 126.56 ± 2.53 g/L and 0.92 ± 0.024 g/g, yield 
after 72 h fermentation from 175 g/L molasses sugar content 
was obtained at 37 °C. These immobilized cells were show-
ing variable ability to produce lactic acid from 23 to 45 °C 
as most species have a characteristic temperature range in 
which they have the ability but not at same growth rate over 
the whole range of temperature. The performance of immo-
bilized Lb. casei MTCC 1423 cells seems to be reasonably 
good at the temperature range of 33 to 42 °C. Since the 
microbial growth hence the production is chemical reac-
tion rate controlled and is catalyzed by enzymes within cell 
which in turn depends upon temperature [21]. Goranov et al. 
[11] had reported that lactic acid was more accumulated at 
42°С with encapsulated Lb. casei ssp. rhamnosus ATCC 
11979 cells in alginate/chitosan complexes.

Reusability of Alginate Beads for Lactic Acid 
Production

During the reusability tests, the lactic acid production had 
been observed to be consistent till fourth (SA), seventh (CA) 
and ninth cycle (ACA) and decreased by 52, 25 and 7%, after 
ninth cycle with immobilized uncoated, chitosan-coated and 
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chitosan-alginate coated sodium alginate beads respectively 
(Fig. 11).

In comparison to the lactic acid production by free cells, 
immobilized cells provide operational stability high pro-
ductivity, and decreased product contamination by free 
cells (Fig. 11). The higher production with immobilized 
cells could be attributed to the minimal cells growth in the 
matrix and also to the retention of enzymatic activity at the 
higher level in immobilized cells as compared to in free cells 
[42]. Hence double layer coating with chitosan and alginate 
had been utilized for coating alginate beads for reducing its 
porosity, effective lactic acid production, enhancing stabil-
ity and cell entrapment efficiency [43–45]. As evident from 
Fig. 7, an elevated immobilization efficiency by double layer 
coated (chitosan and alginate) calcium alginate beads for 
entrapping the Lb. casei MTCC 1423 cells and for lactic 
acid production from molasses had been exhibited in com-
parison to the traditional without coated calcium alginate, 
single coated (chitosan) beads and by free cells. The lactic 
acid production as investigated by Zijjan et al. [46] has been 
observed to be decreased after three batches from the cal-
cium alginate beads owing to the decreased concentration of 
cells in beads due to gradual disintegration of calcium algi-
nate beads leading to liberation of Lb. rhamnosus cells into 
media. Three to four time reused saccharomyces cerevisiae 
immobilized in calcium alginate beads has been reported 
to provide the best result in terms of fermentation time and 
ethanol yield [47]. Alginate beads entrapping B. succinic-
iproducens for succinic acid production were reported to 
be reused in four sequential fed-batch fermentations pro-
ducing totally 64.7 g acid from 114.55 g sugar consumed 
and reduction in yield as well as productivity was observed 
due to significant rupture of the beads after fourth cycle by 
Alexandri et al. [48].

Conclusion

Among different immobilizing matrices studied using Lb. 
casei MTCC 1423, alginate (20 g/L) was found to be the 
best matrix to be utilized for lactic acid production. Sig-
nificant reduction in cell leakage from double layer coated 
beads (coated with chitosan and alginate) in comparison to 
uncoated alginate beads as well as with chitosan a coated 
beads (single layer) was observed. Stability of beads in 
reusability process as a function of lactic acid production 
was tested and found that double layered coated alginate 
beads containing Lb. casei MTCC 1423 with chitosan 
and alginate was effective upto ninth cycle for reducing 
its porosity, effective lactic acid production from molas-
ses an agro-industrial waste, enhancing stability and cell 
entrapment efficiency. The optimal process conditions 
featured beads diameter (2.5 mm), biomass concentra-
tion (40 g(CDW)/L), shaking speed (150 rpm), substrate 
concentration (175 g/L), CSL concentration (25 mL/L), 
incubation temperature (37 °C) at incubation time of 72 h 
and pH (7.0) were obtained.
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