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Abstract The immobilization of plant growth-promoting bacteria in biodegrad-
able polymeric supports is effective in providing them with a suitable microenvi-
ronment for increased survival, compared to free bacteria, in agricultural land. In
this study, we optimized the preparation parameters for bacteria-enclosing calcium
alginate gel beads with a view to large-scale production. An emulsion system was
used and the optimization was based on alginate bead recovery and entrapment
efficiency of viable bacteria. Lactic acid bacteria were used as a plant growth-
promoting bacteria. The optimized conditions were as follows: the concentration of
calcium chloride in the aqueous phases was 1.1% (w/v), the volume ratio of alginate
solution to total aqueous phases was 0.93, and the agitation time was 0.5-1.0 h. The
mean diameter of the beads could be controlled (approximately from 100 to
300 um) by varying the agitation rate.
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Introduction

Chemical fertilizers and pesticides are essential for maintaining large-scale and stable
production of agricultural products and reducing labor requirements [1]. However,
concerns about environmental sustainability have resulted in increased interest in
limiting the use of the chemicals [2]. Soil bioamendment (SBA), in which bacteria
produce and release various metabolites that are beneficial for plant growth and health,
offers a promising alternative to minimizing usage and reduction of the deleterious
effects of these chemicals. The application of SBA to agricultural soils has been
shown to enhance crop yield [3]. Plant growth promotion by the bacteria is achieved
through phytostimulation, biofertilization, or biocontrol of plant pathogens [4, 5].

Plant response to inoculated SBA varies according to the type of bacteria used, the
plant species, inoculation density, soil type, and various environmental conditions. The
key obstacle is the unpredictability of the environment and the heterogeneous nature of
agricultural soil [6]. Free bacteria may be unable to locate a niche in the soil to ensure
their survival among competitors and predators. This results in decreased bacterial
density and failure to elicit the intended plant response [6]. Immobilization of the
bacteria in biodegradable microcapsules provides a more suitable environment for their
survival. The microcapsules provide temporary protection of the immobilized bacteria
from soil environment, competitors and predators. They also allow gradual release of
the bacteria in a degraded form, which is an effective way to establish the bacteria
within the targeted soil. Another advantage of such microcapsules is the fact that they
can be handled more easily than free bacteria.

Polymeric hydrogels have been widely used as materials for these microcapsules
[7-14]. Calcium alginate hydrogel beads are one of the most frequently utilized
hydrogel materials due to their innocuousness and ease of gel formation [15-17]. Once
liquid sodium alginate solutions come in contact with divalent cations such as calcium
ions, they are immediately transformed into a gel due to binding between the cations and
guluronic acid blocks in alginate polymer. Two widely used methods for the
immobilization of bacteria in alginate beads are extrusion and emulsification [15].
Extrusion, which was the earliest developed method for preparing alginate beads [18],
simply involves preparing an alginate solution, adding bacteria to it, and extruding the
cell suspension through a syringe needle in the form of droplets to free-fall into a calcium
chloride solution. In the emulsion method, an alginate solution containing bacteria is
dispersed in a large volume of an oil phase such as vegetable oil [15, 16], and calcium
chloride solution is then dispersed in the emulsion. Gelation of the alginate solution
droplets in the emulsion is achieved by contact between the polymer solution and the
calcium chloride solution droplets. The extrusion method is time-consuming to obtain a
large amount of the alginate beads. On the other hands, the emulsion method has a
potential for large-scale production of the beads in shorter time than extrusion one. The
large-scale production is essential for commercial application of the beads as SBA.

Lactic acid bacteria (LAB), which produce lactic acid as a metabolite, are
expected to be useful for improving the condition of agricultural soil. Lactic acid
has a potential to control plant pathogens in soil (Hiramatsu K., Japanese patent
2005-230000, 2005). Although there have been some reports on the encapsulation of
LAB in alginate beads using an emulsion system, no researchers have carried out
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optimization of the preparation parameters from the view point of large-scale
production and cost saving [15-17].

The purpose of the current study was to optimize the preparation parameters in
emulsion system for large-scale production of the LAB-enclosing alginate beads
and cost saving for the production. Specifically, we first investigated optimum
concentration of calcium chloride in the system, which enabled formation of
alginate beads and did not induce cell damage. Then, we examined the volume ratio
of alginate solution to calcium chloride solution, and agitation time on alginate bead
recovery and entrapment efficiency of viable LAB.

Experimental
Materials and microorganism

Lactobacillus delbrueckii subsp. bulgaricus NBRC 13953 was obtained from the
NITE Biological Resource Center (NBRC, Chiba, Japan). The strain was main-
tained in 803 medium (5 g of glucose, 5 g of yeast extract, 5 g of polypepton, 2 g
of lactose, 1 g of MgSO,-7H,O, and 0.5 g of polyoxyethylene (20) sorbitan
monolaulate in 1 L distilled water (pH 6.5-6.8) at 37 °C. Sodium alginate
(80-120 mPa s), calcium chloride and sorbitan monooleate were purchased from
Wako Pure Chemical Co. (Osaka, Japan).

Preparation of LAB-enclosing alginate beads

The preparation apparatus was a round-bottomed glass-jacketed vessel (volume:
1,000 cm?) equipped with a mechanical stirrer. The stirrer was fitted with a 77 mm
crescent Teflon-coated blade. Sodium alginate was dissolved in 803 medium
containing a suspension of LAB at a concentration of 2.0% (w/v) (alginate aqueous
phase, W,j,). The viable cell number of LAB in W,, was determined to be the
number of colony forming units (cfu) on an agar medium (803 medium containing
1.5% agar, 1.0-2.0 x 10® cfu/mL). The suspension was dispersed in canola oil with
0.5 wt% dissolved sorbitan monooleate (oil phase, O) under agitation at 22 °C for
30 min. Subsequently, calcium chloride solution (W.,) was added to the emulsion
at a rate of 10 mL/min under agitation. After agitation for several hours, the mixture
was filtered and beads were collected. The agitation rate was fixed during the
bead preparation process. The volume of the oil phase and the total volume of
the aqueous phases (W, + W) were fixed at 200 and 150 mL, respectively.
The experimental conditions are shown in Table 1.

Table 1 Experimental condition

CaCl, concentration (amount of CaCl,/total volume of aqueous phases) 1.1, 3.3, 5.0, 10.0% (w/v)
Volume ratio of Wy, to total aqueous phases [Wo/(Waig + Weal 0.53, 0.67, 0.80, 0.93
Agitation time after addition of W, 0.5, 1.0,3.0,6.0h
Agitation rate 70, 100, 150, 200 rpm
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Determination of entrapment efficiency of viable LAB

A portion (1-2 g) of collected beads was transferred into 50 mL aqueous solution
with 55 mM dissolved trisodium citrate (pH 7.0) and gently shaken for 30 min to
liquefy the beads. The viable cell number in the solution was determined using an
agar medium as described above. The entrapment efficiency of viable LAB was
calculated on the basis of the viable cell number.

Determination of alginate bead recovery

Alginate bead recovery was determined by comparing the weights of the dried
alginate beads and the sodium alginate powder used for bead preparation. A portion
(9-12 g) of alginate beads prepared via the emulsion method was carefully washed
with distilled water to remove medium components from the beads and further
washed with hexane to eliminate canola oil. The beads were then immersed in 1.1%
(w/v) calcium chloride solution, followed by distilled water and dried under
vacuum. Alginate bead recovery was determined on the basis of the weight of the
dried beads.

Results and discussion
Effect of calcium chloride concentration

Alginate solution droplets (W) in this emulsion system are gelled by contact with
calcium chloride solution droplets (W.,;). The concentration of calcium chloride in
W.a has an important influence on the characteristics of the resulting alginate beads.
Therefore, we first examined the effect of the concentration on alginate bead
recovery and the entrapment efficiency of viable LAB.

The volume ratio of Wy, to the total aqueous phases, agitation time after addition
of W, and agitation rate were fixed at 0.67, 3.0 h and 100 rpm, respectively. The
concentration of calcium chloride in W, was varied from 3.3% (w/v) to 30.0% so
that the concentration of calcium chloride based on the total volume of the aqueous
phases (amount of calcium chloride/total volume of aqueous phases) varied from
1.1% (w/v) to 10.0%. The mean diameters of the alginate beads were approximately
300—400 pm under all preparation conditions (data not shown). The concentration
of calcium chloride was found to have scarcely any influence on alginate bead
recovery (Fig. 1), with values of approximately 90% obtained for all concentrations.
This means that a concentration of 1.1% (w/v) is sufficient for the formation of
alginate gel beads. The entrapment efficiency of viable LAB was found to decrease
at concentrations of more than 5.0% (w/v), with a value of less than 1.0% at a
concentration of 10.0% (w/v). This may indicate damage of LAB due to osmotic
stress. Based on these results, we adopted a concentration of 1.1% (w/v) in
subsequent experiments.
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Fig. 1 Effect of concentration of calcium chloride on alginate bead recovery and entrapment efficiency

Effect of volume ratio

From the viewpoint of large-scale production of LAB-enclosing alginate beads for
SBA, it should prove useful to increase the volume ratio of W, to the total aqueous
phases (Wye + Wey). Therefore, we examined the effect of the volume ratio on
alginate bead recovery and entrapment efficiency of viable LAB.

The volume ratio was varied from 0.53 to 0.93, with the calcium chloride
concentration, agitation time after addition of W, and agitation rate fixed at 1.1%
(w/v), 3.0 h and 100 rpm, respectively. The mean diameters of the alginate beads
were approximately 250-350 pm under all preparation conditions (data not shown).
The volume ratio was found to have little influence on alginate bead recovery and
entrapment efficiency (Fig. 2). Thus, we succeeded in increasing the amount of
obtained LAB-enclosing alginate beads by increasing the volume ratio without
damaging enclosed LAB (the amount of obtained alginate beads at the volume ratio
of 0.93 is approximately 1.4 times larger than that at the ratio of 0.67 on the basis of
dry weight of the beads).

In the previous experiment, we showed that a high calcium chloride
concentration in the aqueous phases resulted in cell damage. In this experiment,
we initially expected that the increase in the calcium chloride concentration in
W_.a associated with the increase in the volume ratio would cause cell damage
because LAB would be exposed to a high concentration of calcium chloride for
some time after the addition of W, [calcium chloride concentration in W, at
a volume ratio of 0.93: 16.7% (w/v)]. However, cell damage was not observed.
These results demonstrate that this emulsion system is useful for large-scale
production of LAB-enclosing alginate beads. In subsequent experiments, we
adopted a volume ratio of 0.93 and a calcium chloride concentration of 1.1%
(wlv).
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Fig. 2 Effect of volume ratio of Wy, to total aqueous phases on alginate bead recovery and entrapment
efficiency

Effect of agitation time

Because reduction of the agitation time results in cost savings, we investigated the
effect of agitation time after addition of W, to the W,,,/O emulsion on alginate
bead recovery and entrapment efficiency of viable LAB.

The agitation time was varied from 0.5 to 6 h, with the calcium chloride
concentration, volume ratio of W, to total aqueous phases and agitation rate fixed
at 1.1% (w/v), 0.93 and 100 rpm, respectively. The mean diameters of the alginate
beads were 250-350 pm under all preparation conditions (data not shown). As
shown in Fig. 3, the agitation time had little influence on alginate bead recovery and
entrapment efficiency, which means that a time of 0.5-1.0 h is sufficient for the
formation of alginate beads. In subsequent experiments, we adopted an agitation
time of 1.0 h, a volume ratio of 0.93 and a calcium chloride concentration of
1.1% (w/v).

Effect of agitation rate

In this experiment, we examined the effect of the agitation rate on bead size,
alginate bead recovery and entrapment efficiency of viable LAB. As described
in the Introduction, alginate beads enclosing plant growth-promoting bacteria
allow gradual release of the bacteria in a degraded form, which is an effective
way to establish the bacteria within the targeted soil. One of the factors that
influences the degradation rate of the beads is their size, which depends on the
agitation rate. Therefore, information on the relationship between the agitation
rate and the size of the resulting beads is essential for controlling the bead
size.
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Fig. 3 Effect of agitation time on alginate bead recovery and entrapment efficiency

The agitation rate was varied from 70 to 200 rpm, with the calcium chloride
concentration, volume ratio of Wy, to total aqueous phases and agitation time fixed
at 1.1% (w/v), 0.93 and 1.0 h, respectively. Figure 4 shows the relationship between
agitation rate and bead diameter, and Fig. 5 shows images of the resulting beads.
The diameter of the alginate beads at 70 rpm was 309 4+ 163 pm (mean £ SD).
The diameter decreased as the agitation rate increased; the value at a rate of
200 rpm was 116 £ 52 um. The agitation rate had little influence on alginate bead
recovery or the entrapment efficiency of LAB (Fig. 6).

Fig. 4 Relationship between 500
agitation rate and bead diameter
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Fig. 5 Alginate beads prepared with different agitation rates: a 70 rpm, b 100 rpm, ¢ 150 rpm, and
d 200 rpm
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Fig. 6 Effect of agitation rate on alginate bead recovery and entrapment efficiency
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Conclusion

In conclusion, we optimized the preparation parameters for LAB-enclosing alginate
gel beads in an emulsion system with a view to large-scale production. The
optimized concentration of calcium chloride in the aqueous phases, volume ratio of
W, to total aqueous phases and agitation time were 1.1% (w/v), 0.93 and 0.5-
1.0 h, respectively. The mean diameter of the beads was controlled between 100 and
300 um (approximately) by varying the agitation rate.
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