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Abstract The plant growth-promoting bacteria (PGPR)

Raoultella planticola Rs-2 was encapsulated with the var-

ious blends of alginate, starch, and bentonite for develop-

ment of controlled-release formulations. The stability and

release characteristics of these different capsule formula-

tions were evaluated. The entrapment efficiency of Rs-2 in

the beads (capsules) was more than 99%. The diameter of

dry beads ranged from 0.98 to 1.41 mm. The bacteria

release efficiency, swelling ratio, and biodegradability of

the different bead formulations were enhanced by

increasing the starch or alginate contents, but were impe-

ded by higher bentonite content. The release kinetics of

viable cells from capsules and the swelling ratio of cap-

sules were studied in simulated soil media of varying

temperature, moisture, pH, and salt content. The release of

loaded Rs-2 cells and swelling of capsules are greatly

affected by moisture, temperature, pH and salt content of

the release medium. The release of viable Rs-2 cells from

capsules was positively associated with the swelling

properties of the capsules. The release of Rs-2 cells

occurred through a Case II diffusion mechanism. In sum-

mary, this work indicates that alginate-starch-bentonite

blends are a viable option for the development of efficient

controlled-release formulations of Rs-2 biofertilizer, and

which could have a promising application in natural field

conditions.
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Introduction

Xinjiang Province is a hot and semi-arid region in north-

western China that is China’s largest cotton-producing area

and high-quality commodity cotton base. Soil salinization,

due to the long-term drip irrigation system under the mulch

film model used for cotton cultivation, however, has started

to negatively impact cotton growth and productivity [10, 31].

In recent years, a new eco-friendly management strategy

has been developed to alleviate salt stress in plants by

treating crop seeds and seedlings with plant growth-promoting

rhizobacteria (PGPR). PGPR possess many advantageous

properties, including nitrogen fixation, mineral dissolution,

and synthesis of auxin, ethylene, cytokinin, vitamins, and

other important plant hormones necessary for the rapid

growth of crops and protection against salt stress. In fact,

many recent reports have directly demonstrated that

PGPRs promote plant growth and alleviate salt stress [1, 6,

13, 18, 28, 29, 31, 32].

In our previous screening studies, an indigenous

Raoultella planticola Rs-2 with 1-aminocyclopropane-1-

carboxylate acid (ACC) deaminase activity was obtained

from salinized soil of cotton field in Xinjiang Province

(unpublished results). This strain has been shown to

increase the germination rate of cotton seeds and promote

cotton seedling growth under salt stress conditions. The Rs-2

strain also has the ability to secrete phytohormones such as

indole acetic acid, which is able to solubilize insoluble
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phosphate compounds and can fix nitrogen. However,

direct inoculation of free PGPR cells into soil might

encounter difficulty in colonizing and surviving around

cotton roots because it is susceptible to a variety of envi-

ronmental factors, such as the competition from indigenous

microflora, unfavorable physicochemical conditions, and

fluctuation of pH and temperature, as well as various kinds

of stresses [1, 12, 22]. Encapsulation of the bacteria may be

an effective alternative to free cell dispersal. Encapsulation

could provide temporary protection against biotic and

abiotic stresses, and offer more convenient formulation for

transport, handling, and storage than free bacteria [4, 22].

In addition, encapsulated cells could be released into the

targeted soil in a slow and controllable manner that confers

greater long-term effectiveness [2, 3, 23, 25, 30].

One possible method for enhanced survival and for

controlled release is through encapsulation of bacterial

inoculants into biodegradable microcapsules. Alginate can

be ionically crosslinked by the addition of divalent cations

in an aqueous solution. Several properties of alginate, like

its biodegradability and non-toxicity, make it a potential

carrier for controlled delivery of biologically active agents

[3]. However, the high cost of alginate greatly limits

commercial applications and reduces its use. In addition,

alginate matrix does not have a high mechanical strength

and is easily destroyed in the presence of monovalent

cations. For the purpose of controlled-release capsules, the

matrices should have the feature of controllable destruc-

tion. Starch is an inexpensive and promising candidate

biodegraded material controlled release of bacteria. Starch

may be too degradable, however, resulting in overly rapid

bacterial release, so an additional material that regulates

capsule composite mechanical performance and degrada-

tion rate is also required [26]. Bentonite has received

considerable attention as a carrier of pesticides, drugs, and

biofertilizers in the field of agriculture due to its high

adsorption and harmlessness towards the environment and

animals [11]. Heijnen et al. [8] found that the use of ben-

tonite clay as a protective agent could be increase survival

of bacteria introduced into soil. Therefore, we surmised

that the best possible combination of low cost and the

controlled-release properties may be achieved using a

blend of alginate, starch, and bentonite for the bacterial

Rs-2 formulations. Furthermore, it is quite interesting and

informative to investigate the release property of Rs-2 in

beads prepared from the proper ingredients under simula-

tion soil conditions.

In the present study, characterization of different bead

formulations prepared with alginate, starch, and bentonite

contents were studied. Release dynamics and survival of

Rs-2 cells in beads as well as swelling behavior of beads

were evaluated under multiple simulated soil conditions.

The main objectives of this work were to assess the

feasibility of using a alginate-starch-bentonite composites

for the development of efficient controlled-release formu-

lations of Rs-2, and to provide theoretical guidance for the

encapsulation of other PGPRs for potential applications in

agriculture and related fields.

Materials and methods

Microorganism and culture medium

Raoultella planticola Rs-2 (GenBank accession number

EF551363) with ACC deaminase activity previously iso-

lated from saline soil of a cotton farmland located in

Xinjiang Province of China. The strain was cultivated at

30�C and 200 rpm in nutrient agar (NA) broth (beef

extract) consisting 10 g/l of tryptone, 5 g/l of beef extract,

and 5 g/l of NaCl. The culture at the early stationary phase

was collected for cell encapsulation. The cells concentra-

tion in the broth was determined as 9.11 9 1012 cfu/ml by

counting the colony-forming units (cfu) present on NA agar

plates after serial dilution for overnight incubation at 30�C.

Cell encapsulation

Encapsulation of bacteria within beads was carried out

under sterile conditions. Encapsulated cell formulations

were obtained by the extrusion technique using a method

similar to that described by Wu et al. [27]. The blend

solutions from different compositions were prepared by

varying starch, sodium alginate, and bentonite (with cation-

exchange capacity of 98.4 mmol/100 g, Xinjiang Xiazijie

Bentonite Co., China) contents (Table 1), and measured

amounts of starch, alginate, and bentonite were immersed

in 50 ml of hot distilled water for 5 h and stirred for

15 min to form a homogenous solution. Collected Rs-2 cell

was aseptically dispersed the blend solutions after sterili-

zation at 121�C for 15 min. The solutions were then gently

stirred until they became homogenous at room temperature.

A sample of this mixture solution was extruded from a

10-ml sterile syringe into a sterilized 2.0% CaCl2 solution

under gentle stirring for 30–60 min to form beads. The

solidified capsules were removed from the CaCl2 solution

and washed 2–3 times in sterile distilled water prior to

testing.

Drying of the beads and determination of Rs-2

content in dry beads

A few samples of the wet beads were collected and dried in

an oven maintained at 40�C for 48 h. The dried beads were

removed and dissolved in 0.2 M, phosphate buffer (pH 7.0)

at 30�C for 1–2 h in a rotary shaker at 100 rpm. These
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beads were then ground into the solution, resulting in

release of the bacteria entrapped in or covering the beads.

The released bacteria were counted using the conventional

plate count method on nutrient agar (NA). The number of

viable cells in dried beads was calculated to be 2.7 9 1014

cfu/g.

Characterization

Bead size measurement

The size of wet beads from each formulation was measured

with 12-cm Vernier calipers, and the particle size of each

completely dried capsule was measured by laser particle

size analyzer (S3500, Microtrac, USA).

Scanning electron microscope (SEM) analysis

The capsules were treated with glutaraldehyde followed by

immersing in 50–100% acetone. Then the samples were

dried at 40�C for 48 h before coating with gold for SEM

analysis. The morphology of the capsules was analyzed by

using a scanning electron microscope (JSM-6700F, Jeol,

Tokyo, Japan).

Entrapment efficiency (%)

The number of the unembedded bacteria left in the CaCl2
solution after formation of beads denoted as Nu, it could be

determined by plate count method on nutrient agar (NA).

The entrapment efficiency of bacteria could then be cal-

culated by Eq. (1).

Entrapment efficiency %ð Þ ¼ N0 � Nuð Þ=N0 � 100 ð1Þ

where N0 represents the initial number of Rs-2 cells in the

mixture of the Rs-2 culture and alginate-starch-bentonite

solution.

Release properties of immobilized Rs-2 cells

from different bead formulations

We measured the cumulative release of viable Rs-2 cells

from beads of different formulations (proportions of algi-

nate, starch, and bentonite). The amount of Rs-2 released

from the 100-mg capsules was determined at various

intervals by immersing the beads in 10 ml of sterile saline

solution (0.9% NaCl) for 8 days at room temperature.

Samples (0.1 ml) were removed at various intervals and the

cell concentration in the solution was determined by the

plate count method on nutrient agar (NA). All the experi-

ments were carried out in triplicate.

Swelling studies

Studies of bead swelling were performed in 0.9% NaCl

solution at room temperature by the gravimetric methods as

reported previously [17, 20, 27]. Dried beads (100 mg)

were immersed in a 10-ml 0.9% NaCl solution for 8 days.

The swollen beads were taken out and the excess solution

gently removed by pressing the beads in between two

pieces of filter paper. The swollen beads were then weighed

using an electronic balance. The swelling ratio of the

capsules was calculated by Eq. (2).

Swelling ratio SRð Þ ¼ Ws=Wd � 100 ð2Þ

where Ws and Wd are weights of swollen beads in time t

and weights of the initial dry beads, respectively. All the

experiments were carried out in triplicate.

Table 1 Characteristics of capsules entrapped Rs-2 cells prepared by varying amounts of sodium alginate, starch, and bentonite in the blend

Formulation Alginate

(% m/v)

Starch

(% m/v)

Bentonite

(% m/v)

Wet bead

size (mm)

Dry bead

size (mm)

Dry bead

formed (g)

Yield

(%)

Entrapment

efficiency (%)

ABS1 1.5 1 2 2.26 ± 0.06 0.98 ± 0.03 2.40 ± 0.04 88.89 99.9

ABS2 1.5 3 2 2.83 ± 0.04 1.15 ± 0.03 3.06 ± 0.03 78.46 99.9

ABS3 1.5 5 2 3.44 ± 0.06 1.23 ± 0.06 3.81 ± 0.08 74.71 99.9

ABS4 1.5 7 2 3.67 ± 0.07 1.30 ± 0.05 4.56 ± 0.08 72.38 99.9

ASB1 1.5 3 1 2.40 ± 0.04 1.01 ± 0.04 2.48 ± 0.05 75.15 99.9

ASB2 1.5 3 2 2.83 ± 0.04 1.15 ± 0.03 3.06 ± 0.03 78.46 99.9

ASB3 1.5 3 3 3.51 ± 0.05 1.30 ± 0.07 3.76 ± 0.07 83.56 99.9

ASB4 1.5 3 4 3.86 ± 0.08 1.41 ± 0.07 4.45 ± 0.06 87.25 99.9

SBA1 1.0 3 2 2.55 ± 0.05 1.11 ± 0.04 2.65 ± 0.04 73.61 99.9

SBA2 1.5 3 2 2.83 ± 0.04 1.15 ± 0.03 3.06 ± 0.03 78.46 99.9

SBA3 2.0 3 2 3.04 ± 0.06 1.26 ± 0.06 3.21 ± 0.07 76.43 99.9

SBA4 2.5 3 2 3.23 ± 0.07 1.35 ± 0.04 3.53 ± 0.06 78.44 99.9
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Biodegradability studies

The biodegradability of the encapsulated beads was studied

by evaluating the weight loss of samples at designated time

in a soil environment. Ten types of beads were placed in

very fine mesh (10–20 lm) nylon bags, with a certain

amount of dried beads per bag, and were buried 5 cm

below the soil surface in the natural soil described below

for plant cultivation. The soil was maintained at room

temperature for 30 days and kept slightly below water

saturation by adding distilled water as necessary. In order

to monitor the progress of degradation, the initial weight of

the dried beads was defined as Wi, while the buried samples

were dug out after various time periods, washed in distilled

water, then weighed as Wt after drying them for 48 h to get

constant weights. The % biodegradation was calculated by

Eq. (3).

% Biodeg radation ¼ Wi �Wt

Wi

� 100 ð3Þ

Release of loaded Rs-2 cells and swelling of beads

under simulated soil conditions

Effects of soil moisture

The release kinetics of Rs-2 cells from alginate-starch-

bentonite beads were examined under conditions of

varying soil moisture. Soil samples were collected from

cotton fields in the northern part of Xinjiang in China.

The water content and saturation moisture capacity of the

soils were measured as 28 and 40%, respectively. The

chemical composition of the soil samples are included

(g/kg), the total organic 24.1, total nitrogen 1.28, total

phosphorous 1.1, Ca 0.12, Mg 0.04, Na 0.14, K 0.15, and

the total salt 1.32, respectively. In vitro release of Rs-2

cells was measured by mixing dried capsules (100 mg)

with 1 g sterile soil containing 10, 20, 30, or 40%

moisture for 60 days at 20�C. The different soil samples

were prepared by adding different volumes of sterile 0.9%

salt solution (pH 7.0). At specific times during incubation,

beads were recovered from the soil, washed, and the

swelling ratio then determined. Then, the soil sample-

removed beads were transferred into 10 ml of sterile

saline solution (0.9% NaCl) and gently shaken at 30�C for

1 h. The number of released bacteria in the solution was

determined by the plate count method on nutrient agar

(NA). All the experiments were carried out in triplicate

under sterile conditions.

Effect of soil pH

The release profile of Rs-2 from beads in soils of different

pH was determined as above. Briefly, 100 mg of dried

capsules loaded with Rs-2 cells were mixed in 1 g sterile

soil under conditions of variable soil pH and constant

(40%) moisture at 20�C. Soil samples of different pH were

obtained by adding 0.73 ml sterile 0.9% salt solution bal-

anced to pH 3, 5, 7, 9, or 11. The swelling ratio of beads

and the number of bacteria released into the soil samples

were determined at predetermined time intervals as

described above.

Effect of soil salinity

Dried beads (100 mg) loaded with Rs-2 cells were mixed

in 1-g samples of sterile soil with different salt contents but

constant moisture (40%) and temperature (20�C). The

different salt contents were obtained by adding 0.73 ml

sterile saline with 0.3, 0.6, 0.9, and 1.2% salt. The tests

were performed as above.

Effect of temperature

Dried capsules (100 mg) loaded with Rs-2 cells were

mixed in 1 g sterile soil (pH 7.0, 40% moisture, 0.9% salt

content) and examined as above at 4, 10, 20, and 30�C. All

the experiments were carried out in triplicate.

Mathematical modeling of Rs-2 release

For a deeper understanding of the release profile of the

cumulative viable bacteria from the swellable capsule

system, mathematical modeling of the active ingredient

release from swellable polymeric systems was applied [5,

9, 19]. Although there are a number of reports dealing with

mathematical modeling of drug release from swellable

polymeric systems, no single model successfully predicts

all the experimental observations. The release kinetics was

analyzed by applying the empirical Eq. (4) as proposed by

Ritger and Peppas [5, 16]:

Mt=M0 ¼ ktn ð4Þ

where Mt/M0 is the fractional release of bacteria at time t,

while ‘k’ is a constant related with the features of the

bacterial-capsule system, and ‘n’ is the diffusion exponent

of the release mechanism.

Data analysis

Data were subjected to analysis of variance using

SPASS software version 4.0.4 (SAS Institute, Inc.,

Cary, NC). When a significant F test was obtained for

treatments (p [ 0.05), separation of means was accom-

plished using Fisher’s protected least significant differ-

ence (LSD).
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Results and discussion

Effect of varying bead composition on size and yield

The beads were prepared using various blend solutions of

alginate, starch, bentonite, and Rs-2 cell. The different

compositions yielded beads with diameters of 2.26 ± 0.06

mm to 3.86 ± 0.08 mm when wet and from 0.98 ± 0.02

mm to 1.41 ± 0.07 mm after drying. The percentage yield

varied from 72.38 to 88.89% depending on total blend

concentration. The higher the total blend concentration,

the higher the weight of beads obtained (Table 1). In

addition, the wall material increase in starch content,

capsule moisture gradually increased, and wet and dry

capsule diameters increased. However, the capsule yield

also gradually decreased, possibly due to the increased

leaching of starch from the blends during the synthesis of

beads. The yield and diameter of dry beads significantly

increased as the bentonite increased. This may be due to an

increase in the mixture viscosity, which results in larger

droplets extruded from the syringe to form larger beads,

while the loss of wall material was relatively small in

CaCl2 solution during the formation of beads. Finally, with

increasing alginate content, more alginate is available for

crosslinking to calcium, which may also have increased the

percent yield.

Effect of varying composition on entrapment efficiency

The cell entrapment efficiency for beads of different com-

positions is shown in Table 1. Entrapment efficiency was

more than 99% for all formulations. The increase in algi-

nate, starch, and bentonite contents in the preparations did

not alter entrapment efficiency. This may be due to the

relatively high concentration of Rs-2 cells during the

entrapment process. Moreover, the combination of alginate,

starch, and bentonite was a highly effective blend for

encapsulation of Rs-2 cells and for protecting against

environmental stress. A similar result has been reported by

Sultana et al. [21] that improvements in the encapsulation

efficiency of Lb. casei using alginate beads as the

biopolymer by increasing the Hi-maize-resistant starch

content (from 0 to 2%), suggesting that inclusion of starch

can greatly enhance encapsulation efficiency with little

additional cost. Additionally, as Reid et al. [14] linked

encapsulation efficiency to two factors: (1) cell loss in

CaCl2 solution and (2) viability losses in the beads them-

selves. Entrapment efficiency of Rs-2 cells was significantly

higher than in previous studies, indicating that Rs-2 cell loss

in CaCl2 solution was minimal, while high cell viability was

maintained within beads due to good biocompatibility of the

wall materials. In particular, the bentonite clay may have

improved the long-term survival of Rs-2 cells [8].

Morphology of the starch-alginate-bentonite capsules

The typical starch–alginate-bentonite bead was usually

spherical, but ovoid beads were observed in formulations

with high bentonite content (Fig. 1). This might be due to

the increased viscosity of higher bentonite mixtures. A

similar observation was made by Singh et al. [20]. After

drying, some beads exhibited depressions and small cracks

that may facilitate bacterial release upon water absorption

and bead swelling [27].

Effect of bead composition on the swelling ratio

of dry beads

The swelling ratio of all formulations ranged from 154.9 to

206.9% (Fig. 2). The equilibrium swelling of beads was

attained after 1 day and the swelling remained almost

constant up to 8 days in solution. A similar observation has

been reported by Singh et al. [20]. The bead size also

enlarged as the beads filled with water. The increase in

starch contents from 1 to 7% w/v in the wall materials

increased the swelling ratio from 165.8 to 206.9%

(Fig. 2a), possibly due to the hydrophilic nature of starch.

Higher starch content will enhance the interaction of water

with the starch –OH groups, resulting in greater swelling.

In contrast, swelling decreased from 179.2 to 149.5% as the

amount of bentonite was increased (Fig. 2b). In addition,

the swelling ratio of these beads varied from 160.7 to

(a) (b)Fig. 1 External morphology of

microcapsules under scanning

electron microscope (SEM).

The microcapsules were

prepared with the blends of

alginate-starch-bentonite

(alginate content: 1.0% m/v,

starch content: 3% m/v and

bentonite content: 2% m/v).

Magnification: a 5.0 kv

10.5 mm 9 110; b 5.0 kv

10.0 mm 9 1.8 k
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193.6% as the alginate content increased (Fig. 2c), most

likely due to the increased number of coordination sites

provided by alginate COO- groups [19].

Effect of varying composition on Rs-2 cells’ release

from dry beads

Blending alginate, starch, and bentonite, followed by

crosslinking with CaCl2 solution, resulted in the formation

of beads with promising properties for the controlled

release of Rs-2 cells. The number of bacteria released from

dry capsules was significantly greater over 8 days than

after 1 day. The amount of bacteria released in 1 day and

8 days ranged from 5.9 9 106 to 1.39 9 108 cfu/g and

from 9.0 9 109 to 6.46 9 1011 cfu/g with different blends

of alginate, starch, and bentonite. Adding starch signifi-

cantly improved the release properties of the capsules. As

the starch content increased from 1 to 7% (m/v), the

amount of released Rs-2 also increased (Fig. 3), probably

due to increased swelling. The influence of bentonite on the

release of Rs-2 was investigated by varying the bentonite

from 1 to 4% (m/v). Bacteria release decreased with higher

bentonite, likely because bentonite increased the mechan-

ical strength of beads [20]. Moreover, Rs-2 release was

decreased as the alginate concentration increased, which is

attributed to increase in the density of the polymer matrix

and also increase in the diffusion path length, which the
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bacterial cells have to traverse. In addition, initial cell

number in all beads made essentially is the same, so the

release rates trends of bacterial from capsules and release

amount trends of bacterial are also the same from different

beads. Therefore, the release rate and amount of cells might

be adjustable and controllable to meet the needs for plant

growth by altering the composition of capsule materials.

Effect of varying composition on biodegradability

of dry beads

Preliminary swelling studies indicated that after optimum

swelling, bead-swollen weights began to decrease due to

erosion concomitant with water–biopolymer interactions

under sterile conditions. This biodegradation was further

confirmed by the increasing weight loss of the beads matrix

with longer incubation times in the nature and open con-

ditions (Fig. 4). Indeed, bead exhibited a 12% weight loss

in beads (ABS4) after incubation for 30 days. The rate of

weight loss was increased with higher starch and alginate

contents, which may be due to that the starch and sodium

alginate in capsules are biodegradable. In contrast, based

on the weight loss results shown (Fig. 4), the biodegrad-

ability of the beads decreased with increased bentonite.

This may be attributed to the recalcitrant nature of clay,

which contains SiO2 and other inorganic components that

are quite difficult to degrade biologically [20, 26]. These

results clearly indicate that the biodegradability of the

beads, and the ensuing bacteria release, may be controlled

by varying the alginate, starch, and bentonite composition

of the capsule material.

Effect of temperature on release of loaded Rs-2

and swelling of capsules

The effect of temperature on the swelling ratio of beads

was investigated by varying the temperature of the swelling

medium from 4 to 30�C. The swelling ratio and rate were

markedly increased with increase of temperature (Fig. 5a).

At higher temperatures, possibly because increasing the

temperature could enhance diffusion of water molecules

into the beads and cause relaxation of network chains. It is

worth mentioning that the swelling of beads became faster

and swelling started earlier at 20–30�C, again suggesting

that higher water diffusion acted to increase swelling. In

addition, the swelling rate of the capsule is very high at

different temperatures and the swelling equilibrium almost

reach in 1 day, which may be due to the fact that the

capsule can rapidly absorb water. The observed decrease in

swelling ratio after 15 days could be attributed to contin-

uous erosion of surface layers of the beads [17]. On the

contrary, the initial swelling ratio and the rate of swelling

were both decreased by lower temperatures.

Temperature is an important environmental factor and

has a significant impact on the release of the capsule core

[17]. In the temperature range studied, the amount and rate

of Rs-2 cell release increased with higher temperatures

(Fig. 5b) due to enhanced bead swelling with more rapid

water diffusion. In addition, diffusion of Rs-2 cell with

flagellum would also be enhanced due to both active

movement. An increase in temperature also resulted in a

greater rate of bead erosion, which also favors faster cell

release. Therefore, the temperature has a prominent effect

on the release of bacteria from the beads and is conducive

to the release of bacteria. In addition, it is worth men-

tioning that the release course of Rs-2 from capsules was

mainly divided into three phases within 0–60 days at dif-

ferent temperature. The first step of release is short and fast

phase in 0–1 days may be due to the rapid release of the

bacteria on the outer layer and surface of capsules with

rapid swelling of capsules after absorbing water, the release

rate of bacteria was considerably high while the release
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content 2.0% m/v, and starch content 3.0% m/v. a Swelling ratio of

dry beads. b Release of Rs-2 in capsules
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amount was relatively small, as compared to the release

balance amount of bacterial. The second release step is a

steady and rapid release process in 1–15 days, mainly due

to the swelling of capsules was tends to balance in the soil

medium. The release rate was decreased, while the cumu-

lative release amount was still growing rapidly and the

bacterial release appeared to dominate in the step. The third

stage of the cells release is a steady and slow release phase

in 15–60 days. The number of living Rs-2 cells released

from capsules reached a release balance with the highest as

2.5 9 1012 cfu/g at 20–30�C after 15 days. Although ero-

sion and degradation of swelling capsule matrix were

increased, that live cell release unobviously increased after

15 days may reflect increased death of free Rs-2 cells. The

number of viable cells released from capsules was still as

high as 7.9 9 108 cfu/g at 60 days, however, even at 4�C.

This long-term survival of encapsulated Rs-2 cells indi-

cates that these beads may have sufficient protective

capacity for applications in biofertilizers [7].

Effect of soil moisture on release of loaded Rs-2

and swelling of capsules

Soil moisture is another important factor that could greatly

impact the stability and release properties of the capsules.

As shown in Fig. 6, the equilibrium swelling ratio and the

number of loaded cells released from the capsules

increased with higher soil moisture. Both total cell release

and release rate were minimal in soil with no moisture,

probably because bead swelling is water-dependent and

because diffusion of Rs-2 cells from beads would be

greatly impeded without a transmission fluid (water). This

may come to a conclusion that the release of Rs-2 cells

from dry beads involves the absorption of water into the

matrix and simultaneous release of Rs-2 via diffusion.

Therefore, the release kinetics of loaded Rs-2 beads was

intimately related to swelling kinetics mediated by water
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absorption. That is, higher soil water will enhance swelling,

leading to a greater release of entrapped Rs-2 cells. Based

on these findings, soil moisture plays a particularly

important role in the release of bacterial release from

capsules.

Effect of soil pH on release of loaded Rs-2

and swelling of capsules

We next examined the effect of the medium pH (3.0–11.0)

on the release of loaded Rs-2 and swelling of capsules

(Fig. 7). The swelling ratio of beads increased from pH 3.0

to 9.0 and decreased as the pH rose further. This pH-

dependence may reflect the extent of ionization of alginate

carboxylic groups as pH rises. The greater number of

carboxylate ions along the alginate molecules would repel

each other and produce a rapid relaxation in network

chains, facilitating inclusion of water molecules into the

bead network. Enhanced water uptake into the beads would

increase the rate of swelling and concomitant release of

bacteria [17].

Nevertheless, the pattern of cell release was quite similar

for all soil pH. For bead samples incubated under acidic

conditions (pH 3.0), bacteria release was low (10.42 log cfu/g),

while Rs-2 cell release reached 11.99 log cfu/g at pH 9.0. As

reported by other groups, a possible reason for this pH effect

is that the lower concentration of H? ions produces rela-

tively greater relaxation of alginate chains and so results in

an enhanced release of Rs-2 as soil pH increases [17, 20].

However, at pH [ 9, a greater number of hydroxyl ions in

the release medium may restrict the expulsion of the Rs-2

cells from within the bead because of repulsion between the

hydroxyl ions and OH- ions, resulting in a lower release of

Rs-2 [17]. In addition, the profile curve of the bacterial

release in soil at pH 7.0 was very close to that in soil at pH

9.0, and the difference in the number of viable cells released

from the beads in the pH range 5.0–11.0 was not significant.

Therefore, Rs-2 in these beads could be controlled release

and good survival in a broad range of soil types (pH ranges),

greatly expanding their utility.

Effect of soil salt contents on release of loaded Rs-2

and swelling of capsules

The influence of soil salt concentrations on release of

loaded Rs-2 and the swelling of beads was studied and

shown in Fig. 8. Higher concentrations of salt in the soil

medium could inhibit the swelling of capsules due to a

decrease in the osmotic pressure difference between the

bead interior and the soil. However, the pattern of cell

release was quite similar in all soils tested. The number of

viable cells released reached 2.78 9 1011 cfu/g in soil with

0.6% salt and 1.55 9 1012 cfu/g in soil with 0.9% salt

content at 15 days. Release was much slower thereafter,

which was probably due to the death of released cells and

slower release rate with time. The number of viable cells

released from beads in 1.2% salt soils was lower than that

in 0.3–0.9% salt soil at various time intervals, but release

was still as high as 11.3 log cfu/g within 60 days. Thus,

these Rs-2-loaded beads may be useful biofertilizers in

highly salinized soils [15, 24, 27].

Release mechanics of loaded Rs-2 from capsules

To study the mechanisms of cell release from the alginate-

starch-bentonite beads, the diffusion characteristic constant

‘k’ and diffusion exponent ‘n’ for the release of Rs-2 from

the beads under different conditions was calculated from

the slope and intercept of the plot of ln(Mt/M0) versus ln t.

Based on all values obtained under different conditions, the

correlation coefficients r [ 0.892 (Table 2), the release
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ratio of dry beads. b Release of Rs-2 in capsules
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data were fitted seemingly well. In the light of the fact that

all the values for the diffusion exponent ‘n’ were [ 1.0, the

mechanistic aspects of the release process were well

described by Fick’s equation, and consistent with a Case II

diffusion mechanism [5, 9, 16, 17, 19, 20]. Furthermore,

the interaction natures between water, polymer, and strain

are the primary factors controlling the dynamics of a

release process. Additionally, the release process is also

affected by other factors such as moisture, temperature, pH,

and salt content of the release medium. Hence, the studied

release system offers a feasible method for controlled

application of biofertilizers under a broad range of climate

and soil conditions.

Conclusions

Bead composition was shown to exert a very strong effect

on the swelling characteristics of the beads loaded Rs-2 and

on the release pattern of the Rs-2 cells from these beads.

The yield of the beads decreased with the increases in

starch contents and increased with increases in alginate and

bentonite. The prepared beads show significantly increased

cellular release, swelling ratio, and biodegradability with

higher alginate and starch contents, while increasing ben-

tonite impeded swelling, release, and biodegradability. In

addition, the swelling ratio of beads and the bacterial

release efficiency from beads increased as the pH rose from

3.0 to 9.0, but both values decreased at pH [ 9.0. An

increase in swelling ratio and bacterial release was also

observed at higher temperature and soil moisture. Higher

salt content reduced the swelling ratio of beads and cellular

release, but viable bacteria were still released over a broad

range of soil salinities. Cell release was positively corre-

lated with the swelling ratio of the capsules. The Rs-2

release kinetics was consistent with a Case II diffusion

mechanism. Therefore, this study presents a feasible

method for the encapsulation of R. planticola Rs-2 using

alginate-starch-bentonite composites. These beads may be

suitable for the efficient controlled release of bacterial

fertilizers in real agricultural settings.
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