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Abstract The role of functionalized alginate gels as

immobilized matrices in production of L (+) lactic acid by

Lactobacillus delbrueckii was studied. L. delbrueckii cells

immobilized in functionalized alginate beads showed

enhanced bead stability and selectivity towards production

of optically pure L (+) lactic acid in higher yields (1.74Yp/

s) compared to natural alginate. Palmitoylated alginate

beads revealed 99% enantiomeric selectivity (ee) in pro-

duction of L (+) lactic acid. Metabolite analysis during

fermentation indicated low by-product (acetic acid, propi-

onic acid and ethanol) formation on repeated batch

fermentation with functionalized immobilized microbial

cells. The scanning electron microscopic studies showed

dense entrapped microbial cell biomass in modified

immobilized beads compared to native alginate. Thus the

methodology has great importance in large-scale produc-

tion of optically pure lactic acid.
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Introduction

Lactic acid (2-hydroxypropanoic acid) is a naturally

occurring acid and is now a large volume commodity

having a wide range of application in pharmaceutical, agro-,

food-, textile industries and also used as feedstock for

production of biodegradable plastics (Vickroy 1985; Datta

and Henry 2006). The physical properties of polylactic acid

polymers depend on the isomeric composition of lactic acid

used, and therefore the production of optically pure lactic

acid has gained the importance to synthesize high-grade

polymers (Datta and Tsai 1995) for pharmaceutical appli-

cations such as surgical sutures, controlled release drugs

and prostheses (Lipinsky and Sinclair 1986; Andreopoulos

1994; Na et al. 2006). In general, lactic acid can be

obtained either from chemical synthesis or by microbial

fermentation (Litchfield 1996; Datta 2005). Chemical

synthesis via hydroxypropanoic acid gives a racemic

mixture of L (+) and D (-) lactic acid isomers whereas

microbial fermentation has the advantage in selectively

producing either of the single lactic acid enantiomer (Fort

1982; Martin 1996; Yanez et al. 2003). Recent advances in

immobilized cell technology resulted in improved cell

densities with consequent increase in reaction rates, As a

consequence, the productivity increased with shorter resi-

dence time and in attempt to devise an inexpensive process

(Lamboley et al. 2001; Prakasham et al. 1999; Rama-

krishna and Prakasham 1999) compared to free cell

fermentations. Polymer supports like natural (agar, algi-

nate, carrageenan, cellulose and its derivatives like

collagen, gelatin, etc.) and synthetic matrices (polyacryl-

amide, polyester, polystyrene and polyurethane) were used

to immobilize microbial cells and studied microbial

metabolites production (Ramakrishna and Prakasham

1999). Selection of immobilization matrix is one of the

important parameters among different fermentation con-

ditions to get sustained/improved microbial products

without cell loss (Srinivasulu et al. 2002). Many lactic acid

producing microbial species were immobilized in different
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matrices in production of lactic acid but all these methods

have limited scope in large-scale commercial production.

The major drawback in immobilized microbial lactic acid

fermentations is the reduction of product formation due to

accumulation of the by-products and loss of stability of the

natural beads due to the reduced pH of the medium during

fermentation (Boyaval and Goulet 1988). Recently, it was

reported that the chemical modification of alginate matrix

improved the gastrointestinal passage (pH) stability of the

immobilized Lactobacillus strains in humans (Le-Tien et

al. 2004). Hence, in the present study, we evaluated the

functionalized alginate as immobilization matrix and

highlighted the application of functionalized alginate beads

in producing optically pure L (+) lactic acid by immobilized

Lactobacillus delbrueckii cell fermentation.

Materials and methods

Organism and medium

Lactobacillus delbrueckii subspecies delbrueckii (NCIM

2365) was obtained from National Collection of Industrial

Microorganisms (NCIM) at National Chemical Laboratory

(NCL), Pune, India and in the text it was mentioned as

L. delbrueckii. Sodium alginate (A-2158) was procured

from Sigma-Aldrich Co. USA.

Functionalization of alginic acid

Succinylation

Succinylation of alginate matrix was performed as per

modified method of Phillips et al. (2000). Sodium alginate

(5 g) was solubilized in 450 ml of warm distilled water,

the pH was adjusted to 8.5, and 20 g of succinic anhy-

dride was added. The solution was incubated for 1 h at

room temperature. Derivatized alginate was obtained by

precipitation using ethanol. The degree of succinylation

was determined by the titration method as described by

Wurzburg (1964). Further characterization of normal and

functionalized alginate was done using FTIR. Alginate

spectra indicated the absorption bands at 1,418 and

1,615 cm-1 for carboxylate anions, whereas on succiny-

lation, an additional tiny new peak was observed at

1,735 cm-1 due to carbonyl stretching vibration of alginate

matrices.

Palmitoylation

Palmitoylation of alginate was carried out as described by

Le-Tien et al. (2004) in two steps initially with

chloroethylamine followed by palmitoylation with palmi-

toyl chloride. About 5 g of sodium alginate was dissolved

in 400 ml of 1.2 M NaOH followed by addition of 40 g of

2-chloroethylamine hydrochloride. Further palmitoylation

was carried out by treating aminoethyl alginate with 20 ml

of palmitoyl chloride and product formed was precipitated

in ethanol to get dry derivatized alginate, palmitoyl ester.

The degree of palmitoylation of alginate was determined

by ninhydrin method to detect free amino groups as

described by Phillips et al. (2000). It was further confirmed

by FTIR spectra at spectral region of 4,500–600 cm-1

recorded with 4 cm-1 resolution. In this spectra an addi-

tional absorption band was observed at 1,737 cm-1

(carboxy stretching vibration in palmitoylated alginate)

along with two bands at 1,597 and 1,408 cm-1 represent-

ing absorption bands of native alginate (asymmetric and

symmetric stretching vibrations). In addition, an increase in

absorption at spectral region of 2,920–2,850 cm-1 indi-

cating the presence of overlapping (C–H) stretching

vibrations of palmitoyl chain (–CH2–, –CH3).

Acid-resistance of modified bead matrices

To study the stability of the modified alginate beads in acid

medium, known amount of native/functionalized alginate

beads (10 beads) were taken separately and added to 0.5 M

solution of m-cresol (pH indicator). The acid-resistance test

was performed by incubating different bead formulations

in 0.5 M HCl solutions at pH 1.5 and 2.5 and temperatures

of 37–40�C. The time in which the presence of yellow

colour inside the bead was changed to red (due to the

diffusion of acidic medium) was recorded as bead leakage/

tolerance towards the acid medium conditions.

Preparation of immobilized microorganism beads

All the immobilization steps were performed as reported

Linko et al. (1984). Alginate, natural and succinylated/

palmitoyl modified beads were prepared by mixing the 2%

matrix solution with concentrated cell pellet and beads were

prepared by dropping in polyelectrolyte solution using

syringe. Immobilized beads with diameter ranging from 1.0

to 2.0 mm were selected for further studies by sieving under

sterile condition. Cell culture concentration (Lactobacillus

delbrueckii) of approximately 3.2 9 105 CFU/ml was used

in free and immobilized cell fermentation studies.

Cell mass estimation

The total number of living L. delbrueckii cells were

determined using pour plate method to study the cell loss
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upon repeated use. In case of immobilized beads, a known

number of beads were dissolved in 3 M phosphate buffer

(pH 5.0) and centrifuged to get cell pellets. These cells

were washed thrice with saline solution (0.85% NaCl

solution). Viable cell counts were performed in duplicate

and expressed in CFU/ml or immobilized beads.

Fermentations

Lactic acid production by free and immobilized cell fer-

mentations was performed using production medium

consisting of 100 g glucose l-1, 68 ml corn steep liquor l-1,

1 ml trace mineral solution l-1 and 100 g CaCO3 l-1,

adjusted to pH 6.2. For free cell fermentations, 24 h grown

inoculum (5%, v/v) having 3.2 9 105 CFU/ml was used.

Repeated batch fermentations were carried out in a fresh

medium, by replacing the fermented broth after every

144 h incubation period in case of immobilized cell fer-

mentations. The process was repeated till the lactic acid

production continued by viable microbial cells present in

the immobilized matrix.

Analysis

Glucose and organic acids (lactic acid, propionic acid,

acetic acid and ethanol) present in filtered fermented

medium was determined by HPLC using GROM Resin ZH

column (250 9 8 mm) with 5 mM H2SO4 solution as

mobile phase and the absorbance was read at 210 nm,

using 1-butanol as internal standard. The optical purity of

the lactic acid was analyzed by chiral column (chiral pak

MA (+) obtained from Daicel Chemical Industries, Ltd)

using 2 mM CuSO4 as eluent and absorbance at 250 nm.

The data presented was mean of three different experi-

mental values.

Scanning electron microscopy

Lactobacillus delbrueckii cells present in immobilized

alginate beads were observed by scanning electron

microscopy as described by Bozzola and Russell (1991).

Fourier transform infrared spectroscopy (FT-IR)

analysis

FT-IR studies were conducted using Thermo Nicolet Nexus

670 Spectrometer to determine the modified alginate.

De-moisturized samples before and after functionalization

(1–2 mg) were homogenized with 100 mg of dry KBr and

made into pellets and the pellets were analyzed for trans-

mittance in the range of 4,000–400 cm-1.

Results and discussions

Two types of functionalization of native alginate i.e.

succinylation (extra carboxyl groups which enhance the

intra buffering capacity inside the beads) and palmitoyla-

tion (to increase hydrophobic character of natural alginate

by palmitoylation limiting the inward diffusion of acidic

fluids into the beads) were synthesized and their impact

was studied on improved stability of entrapped microbial

cells. It was observed to generate delays in the access of

acidic medium inside the modified beads (Le-Tien et al.

2004). Our results indicated that the degree of the carboxy

charge on native alginate increased from 3.2 ± 0.1 to

7.7 ± 0.2 milliequivalent/g (mequ/g) upon succinylation.

Palmitoyl derivatized alginate revealed that 90% of the free

amino groups were not detected by ninhydrin test sug-

gesting formation of N-palmitoylaminoethyl alginate. Bead

stability studies using the acidic medium showed the native

alginate beads (10 numbers) turned from yellow to red at

pH \ 2.0 in approximately 8 min, whereas in succinylated

and palmitoylated beads, the change in colour was

observed after 20 and 35 min, respectively. Thus it was

concluded that the functionalized alginate polysaccharide

beads show better bead stability and durability in fermen-

tation production of acidic compounds.

Lactobacillus delbrueckii log phase cells were immo-

bilized in functionalized matrices, used for production of

lactic acid and compared with free cell fermentation sys-

tems. The lactic acid production pattern varied with type of

matrix used and maximum production was noticed with

palmitoylated (Fig. 1). The optical purity studies by chiral

column revealed that lactate obtained was the L-isomer

with optical purity of 99% (results not shown).

L. delbrueckii cell counts in alginate beads were var-

ied with the type of alginate matrix (natural and

derivatized). The cell counts increased in both succinyl

and palmitoyl functionalized beads to 4.9 ± 0.3 9 1010

and 6.0 ± 0.3 9 1010 CFU/ml, respectively when com-

pared to normal alginate beads (3.24 9 108 CFU/ml).

The percentage of viable microbial cells entrapped in

native and functionalized polymers varied and it was

noticed that the observed viable cell count in natural,

succinyl and palmitoyl alginate was 26, 66 and 76%,

respectively at the end of fermentation. This could be

visualized from scanning electron micrographs where a

dense cell mass of L. delbrueckii in functionalized
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alginate (succinylated and palmitoylated) was observed

compared to native alginate beads (Fig. 2). The increased

biomass in the derivatized alginate beads was also

associated in enhanced production of high optically pure

L (+) lactic acid (Table 1).

Substrate (glucose) consumption showed maximum

carbon utilization in the derivatized alginate immobilized

cells compared to all other fermentation conditions. Mini-

mum and maximum carbon source utilization was observed

with free cell and palmitoylated alginate bead fermenta-

tion, respectively (Fig. 1). Similarly, product yield (Yp/s in

moles) value was varied from 1.44 alginate beads, 1.65

succinylated alginate beads, 1.74 palmitoyl alginate beads

and 1.14 was observed with free cells. Reusability studies

of the immobilized cell beads showed that the modified

alginate beads were more stable in lactic acid production

even after eight cycles (Fig. 3). In addition, the effective L

(+) lactic acid yield with modified alginate immobilized

cells was not altered much during the reusable studies. The

enantioselectivity (ee%) of the produced lactic acid (ee

99%) improved with succinylated and palmitoyl alginate

immobilized L. delbrueckii cell beads while it was only

88% with natural alginate.

In general, microbial lactic acid fermentation can syn-

chronously produce other by-products such as acetic acid,

propionic acid and ethanol depending on the metabolic

pathway (Lee et al. 2004; Patel et al. 2005). Analysis of

by-product (acetic acid, propionic acid and ethanol) for-

mation in the present study was observed to be significantly

low in both the functionalized (succinyl and palmitoyl)

alginate immobilized cell fermentation compared to that of

natural alginate beads (Table 1).

Conclusion

The present study emphasizes the application of the

derivatized alginate in immobilization for L. delbrueckii

cells and production of optically pure L (+) lactic acid with

significantly less by-product formation. Functionalized

alginate provided better stability and microbial cell mass

entrapment under acidic environment compared to natural

immobilized alginate beads. The chemically modified

immobilized beads showed increased production of L (+)

lactic acid with higher yields (1.74 Yp/s) having purity of

99% compared to the free cells (1.14 Yp/s) with 88% of

selectivity indicating their advantage in scale up studies in

production of enantioselective L (+) lactic acid.

Fig. 1 Influence of immobilization methodology on lactic acid

production and glucose utilization by immobilized and free L. del-
brueckii cells during lactic acid fermentation. **The values are

mean ± SD of three different experiments

Fig. 2 Scanning electron micrographs of L. delbrueckii cells immo-

bilized using (a) Ca-alginate (b) succinylated-alginate (c) palmitoyl-

alginate beads
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S. No. Name of the product

(g 1-1)

6th day broth

Alginate Succinylated

alginate

Palmitoyl

alginate

Free cells

1 Lactic acid 63.5 ± 1.00 76.2 ± 2.00 80.5 ± 1.50 51.00 ± 1.20

2 Acetic acid 3.63 ± 0.07 0.25 ± 0.01 0.20 ± 0.01 3.81 ± 0.07

3 Propionic acid 5.65 ± 0.11 0.46 ± 0.02 0.41 ± 0.02 5.52 ± 0.15

4 Ethanol 0.05 ± 0.001 ND ND 0.05 ± 0.001

Fig. 3 Evaluation of lactic acid production in different cycles of

immobilized and free cells of L. delbrueckii. **The values are

mean ± SD of three different experiments
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