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Microencapsulation of bacteria is an alternative technology to enhance viability during processing and
application. Different from drug microcapsules, controlled release of the dynamic target bacteria and its
metabolites from capsules to the rhizosphere is becoming an important issue for the success of
microencapsulated PGPR. This work describes in detail the diffusion permeability coefficient (DPC) of
rhizobacteria-loaded microcapsules and their relationship to growth metabolite release and bacterial
survival rate. Results showed that the DPC value increased with the decrease of the molecular weight of
the model probes, and also the increase of sodium alginate and bentonite concentrations. Importantly,
the DPC value was negatively correlated with the survival rate of Rs-198. For storage features, the
microencapsulation had no effect on the abilities of IAA production (65 pg mL™), ammonia nitrogen
production (43 mg mL™), or phosphate dissolved (53 mg L™Y after storing for 90 days. A pot experiment
revealed that total nitrogen and phosphorus content of cotton plants in the microcapsules with Rs-198
treatment was increased by 43.48% and 46.51%; soil available phosphorus, ammonium nitrogen, alkali-
hydrolysis nitrogen, and nitrate nitrogen contents also increased by 45.43%, 31.48%, 17.13% and 55.69%,
respectively due to the synergistic effects of Pseudomonas putida Rs-198 and alginate—bentonite

Received 1st September 2019 microcapsules. In conclusion, the DPC shows that microcapsules have appropriate permeability to
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control the bacterial growth metabolism and thus show a beneficial effect on cotton growth. This paper
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1. Introduction

The growth promoting mechanisms of plant growth-promoting
rhizobacteria (PGPR) include direct regulation of phytohor-
mone production, phosphate solubilization, and nitrogen fixa-
tion to enhance nutrient acquisition or indirect mechanisms
that suppress pathogens by antibiosis, synthesis of Iytic
enzymes and induced systemic resistance (ISR)."? In order to
maintain a sufficient number of viable and biologically active
PGPR during transportation and storage processes, microen-
capsulation is an alternative strategy to protect bacteria from
adverse external environments.>* Many studies have reported
that the survival rate of viable cells was higher in alginate
microcapsules, as compared to that in free cell bacterial agents
under stress conditions.*® The permeability of microcapsules is
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reports the release profile of the bacterial growth metabolism from live rhizobacteria-loaded
microcapsules, and will provide valuable guidance on living microcapsule application.

a key index to keep bacteria alive and plays an important role in
cell function, nutrient transport, pH maintenance, osmotic
adjustment and water penetration.” Diffusion experiments
using different probes showed that the permeability coefficients
of the microcapsules decreased with increasing mechanical
strength.” While today's permeability coefficient studies focus
on drug release or other sensitive material, fewer studies on the
live bacteria loaded microcapsules have been performed. As we
all know, the bacteria and its growth metabolites in microcap-
sules are highly dynamic and are mainly driven by the changes
of micro-environment.

A better strategy to evaluate the diffusion permeability
coefficient (DPC) of bacteria loaded microcapsules is to use
growth metabolites likely marker materials to monitor their
releasing behaviors. In addition, pH, temperature and salt
concentration are important factors in soil that affect the
release of cell or secondary metabolites from microcapsules,
and thus those factors also should be studied on the influence
of DPC.*® The diffusional permeabilities of suitable molecule
solutes such as VB;, and 4 kDa FITC-dextran across the capsule
membranes at pH 4 are lower than those at pH 5.° Wei et al.
reported that the permeability coefficient of VB;, molecules
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(PVB,,) from microcapsule becomes higher with increasing
temperature.’ Consequently, how the pH, salt concentration
and temperature affect the DPC of live bacteria-loaded micro-
capsules is very interesting and innovative.

In our previous study, Pseudomonas putida Rs-198 had been
encapsulated into alginate (NaAlg)-bentonite (Bent) microcap-
sules by external gelation technique.’* The near-spherical
microcapsules were monodispersed with a mean diameter of
25-100 um and wrinkled surfaces; and better survival of
encapsulated cell was observed, compared to the free cell,
especially in pH 4.0 and 10.0. The protective effect of NaAlg-
Bent microcapsules on the Rs-198 was mainly through the
protective barrier formed by the microcapsule wall for blocking
or delaying the entry of substances from the environment."”***
One of the effective ways for microencapsulated PGPR to work
out is to control the release rate of the bacteria from capsules to
rhizosphere. These bacteria increase the soil nutrient bioavail-
ability through nitrogen fixation and key nutrients mobilization
(phosphorus, potassium and iron), as well as promoting plant
growth for the production of indole-3-acetic acid (IAA), 1-
aminocyclopropane-1-carboxylate (ACC) deaminase etc.
However, less attention has been paid to the effects PGPR
microcapsules on its production of IAA (175 Da), ammonia
nitrogen (<100 Da), organic acids, or other secondary metabo-
lites. Also, it is not clear how those secondary metabolites in
microcapsules transfer and activate to the plant rhizosphere
soil. Therefore, this study will focus on determining how envi-
ronment factors correspond to the diffusion permeability
coefficient of microcapsules, which is a indicator of the ability
of ions or small molecules to diffuse across the shell, and it is
important on bacteria survival rate.®*°

We hypothesized that the metabolites produced by Rs-198
could be released to plant roots from microcapsules. So, the
diffusion permeability of five types of microcapsules in different
environmental condition was clarified in this study. The corre-
lation between DPC and survival rate of the cells was also
analyzed. In addition, growth metabolism of the bacteria in
microcapsules was studied via monitoring the contents of the
IAA, phosphate solubilization and ammonia in fermentation
liquid to confirm that growth metabolites can be released from
microcapsules. Pot experiments were carried out to investigate
the growth-promoting potential of microencapsulated bio-
fertilizer.

2. Materials and methods
2.1 Materials

The raw Bent samples were collected from Xinjiang China Non-
metal Xiazijie Bentonite Co., Ltd. The resultant Bent has
a composition (%, by mass) of Al,0; 13.06, SiO, 64.62, Na,O
2.66, K,0 2.43, CaO 1.92, MgO 2.38, Fe,0; 4.93, TiO, 0.59, MnO
0.26, and P,0Os5 0.18, and an ignition loss of 6.20.

Nutrient agar medium (NA): 3 g beef extract, 10 g peptone,
5 g NaCl, 18 g agar, 1000 mL H,0, pH 7.0-7.2. Nutrient broth
medium (NB): 3 g beef extract, 10 g peptone, 5 g NaCl, (Beijing,
China), 1000 mL H,O, pH 7.0-7.2. Pikovskaya's medium:
glucose 10 g, Caz(PO,), 5 g, yeast extract 0.5 g, (NH,),SO,4 0.5 g,
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NaCl 0.2 g, KCI 0.2 g, MgSO,-7H,0 0.1 g, MnSO, 1 mL (0.004 g
L"), FeSO, 0.1 mL (0.002 g L™ "), H,O 1000 mL, pH 7.48.

2.2 Strain used

The bacteria Rs-198 was isolated from the healthy cotton grown
rhizosphere soil in a salinization field of Xinjiang, China, and
identified as Pseudomonas putida (GenBank accession no.
FJ788425)."” The strain was incubated in fresh nutrient medium
and inoculated in a shaker at 30 °C for 24 h to stable stage for
further use.

2.3 Preparation of microcapsules

The encapsulation of Rs-198 cell were conducted using external
gelation technique as described previously." 10 mL bacteria
suspensions (11.48 log cfu mL ") were suspended in 30 mL
sodium alginate (NaAlg)-bentonite (Bent) solution. The wall
material NaAlg-Bent solution with different proportions (Table
1) containing bacteria suspensions was mixed with 100 mL of
liquid paraffin, 1 mL of span 80. Then the mixture was stirred
for 25 min with a mechanical stirrer at 1000 rpm (IKA RW20
digital, Germany). The raw bacteria-loaded microcapsules (MB)
were hardened by adding CaCl, solution (2% w/v) with further
stirring at 200 rpm for 40 min. The microcapsules were
collected by centrifugation at 6576g (=8000 rpm) and 4 °C for
10 min (TGL 20M, Kaida, Hunan, China).

2.4 Size distribution and span coefficient of microcapsules

Microcapsules (2 mL) were dispersed into 30 mL deionized
water and stirred about 10 min before particle size measured.
Laser particle size analyzer (Microtrac $S3500, USA) was applied
to analysis the size distribution of microcapsules. Three repli-
cates were carried out for each formulation.

_ [D(»,90) — D(v,10)]
B D(v,50)

span (1)

D (v, 90), D (v, 10), and D (v, 50) represent the cumulative
volume at 90%, 10%, and 50%, respectively.

2.5 Microcapsule surface mean aperture determination

N, adsorption-desorption experiments were performed using
a specific surface area analyzer (BET, ASAP 2460, Micromeritics,
USA) to obtain the average surface pore size of the
microcapsules.

2.6 Encapsulation efficiency

The encapsulation efficiency was expressed as the strains
loaded in the microparticles. The total bacterial cells added in
the reaction system denoted as E, and the number of the
unembedded bacteria denoted as E, could be determined by
plate count method. All the experiments were carried out in
triplicate. Then the encapsulation efficiency of bacteria could be
calculated as follows:

This journal is © The Royal Society of Chemistry 2020
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Table 1 Mean diameter, span and encapsulation yield of five microcapsules”

Encapsulation
Samples NaAlg (g g™ ") Bent (g g ') Diameter (pm) Span factor efficiency (%) Pore size (nm)
MBA 0.5% 1.0% 45+ 4d 1.72 £ 0.04 c 69 +2d 14.50 £ 0.20 a
MBB 1.0% 1.0% 67 t4c 2.40 £ 0.10 b 88+2c 9.90 £ 0.10 b
MBC 1.5% 1.0% 95 +3a 4.92 £ 0.09 a 97 £2a 5.95 £ 0.08 ¢
MBD 1.5% 0.5% 74+ 6b 1.17 £ 0.06 d 97 £2a 8.04 £ 0.05d
MBE 1.5% 0% 47 +5d 0.81 £ 0.03 e 93+2b 8.63 £ 0.04 c

“ Different letters on each column are significantly different at p < 0.05.

Ey—E

Encapsulation efficiency(%) = % x 100% @

0
2.7 Diffusion permeation of microcapsules

There is no literature reported about the membrane DPC of
secondary metabolites produced by bacteria from microcap-
sules. There are only some literature shows some solute
materials for evaluating the microcapsules DPC."* These
selected markers should be enough to penetrate microcap-
sules and not interact (adsorption, ionic interaction, etc.) with
the microcapsule materials. Glucose, vitamin B,, (VB;,) and
polyethylene glycols (PEG) have been selected as model solutes
for investigating diffusion characteristics of calcium-alginate
(Ca-alginate) hydrogel beads and membranes, because of
their advantages such as easy-to-gain, easy-to-measure, water-
soluble and chemically stable in water."®'® Bovine serum
albumin (BSA, 64.44 kDa), a spherically shaped molecule
having an approximately hydrated radius of 35 A and a pI = 3.9
was also used.' Based on the consideration above, glucose
(180 Da), VB4, (1355 Da), PEG 10000, and BSA (64.44 kDa) were
selected as model probes to monitor the DPC of secondary
metabolites produced by PGPR inside microcapsules. To load
glucose, VB;,, PEG into microcapsules, each kind of micro-
capsules was separately immersed in a 0.1 mg mL™" glucose
solution, 50 ug mL™" VB,, solution, 10 mg mL~" PEG buffer
solution with 0.15 M NaCl solution at room temperature for
72 h. The buffer solution was refreshed every 24 h. Due to the
large molecular weight, BSA was incorporated into wall
material before encapsulation process. The microcapsules
were harvested and washed quickly 3 times with deionized
water. 10 g of the loaded microcapsules were added into
100 mL release medium and incubated in the shaker at
170 rpm. The concentration of markers released in the
surrounding medium was measured at regular intervals.

2 mL of the test solution and 6 mL of anthrone reagent were
placed at boiling water bath for 15 min. Then the glucose
concentration was measured using UV-752N Spectrometer
(Yuanxi, Shanghai, China) at 620 nm. The VB,, concentration
was measured using UV-752N Spectrometer at 361 nm. 0.8 mL
0.05 mol mL ™~ I, solution and 1.2 mL 5% BacCl, solution were
added into 8 mL samples. After 6 min, the PEG was measured
using UV-752N Spectrometer at 485 nm. After 2 mL of BSA
solution and 10 mL Coomassie brilliant blue G250 were shaken
for 2-3 minutes, the BSA concentration was measured using UV-
752N Spectrometer at 595 nm.

This journal is © The Royal Society of Chemistry 2020

According to Fick's first law, the DPC of the microcapsule for
glucose, VB,,, PEG and BSA was calculated with eqn (3):

Vs Vm In Cf - Ci (3)
A(Vi + Vm)[ Cf - Cl

where C;, C,, Cy represented the initial, intermediary (at time ¢)
and final concentration of simulator, V; (100 mL) and V;;, (10
mL) are the volumes of the environmental solution and the
microcapsules, A is the total surface area of the microcapsules
and t is the time (min).

Since In{(Cs — C;)/(C¢ — C,)} has a linear relationship with
time ¢, the formula could be simplified as:

1=V

DPC =

wherein, D was the average particle size of the microcapsules, K
is the slope of the straight line obtained by plotting In{(C¢ — C;)/
(C¢ — C))} versus t.

2.8 Survival rate testing

For survival rate: 1 g of the microcapsules and 1 mL free bacteria
were incubated in 9 mL solution (stored at different tempera-
ture, pH, salt concentration conditions). The initial bacteria
density (N,) in microcapsules was about 3.68 x 10° cfu g " and
free bacteria were about 2.29 x 10° cfu mL™". The NaAlg-Bent
microcapsules were broken by a chemical method after 90 days
and the number of the cells was recorded as N;. The survival rate
was calculated by N,/N,.

For cell growth and leakage: cell growth of bacteria-loaded
microcapsules during culture process: 1 g microcapsules
(MBC, 9.56 log cfu g ') were inoculated with 9 mL of NB
medium and cultured in a shaking incubator at 30 °C, 170 rpm
for 48 h. The cultured NaAlg-Bent microcapsules at the
appointed time were broken by a chemical method and the
number of the cells in microcapsules were collected and
recorded as internal.®® The bacteria leaked into the medium
also collected at same appointed time and recorded as leakage.
All cell experiments were carried out in triplicate samples.

2.9 Growth promoting property

Indole-3-acetic acid (IAA) production by Rs-198: 300 pL micro-
capsules samples were inoculated in 30 mL NB medium in
50 mL beaker flask for 36 h, 30 °C at 170 rpm. The fermentation
was centrifuged at 6576 x g for 10 min and the supernatant was

RSC Adv, 2020, 10, 159-1171 | 1161
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collected for further use. IAA concentration was quantified
using Salkowski reagent colorimetric method at 530 nm in UV-
752N ultraviolet spectrophotometer. Each experiment was
conducted in triplicate. Ammonia nitrogen: the microcapsules
or the free Rs-198 were cultivated at 30 mL peptone water (10 g
L~ peptone, 5.0 ¢ L' NaCl, H,O 1000 mL, pH 7.0) for 36 h at
30 °C and 170 rpm. For ammonia production quantitative
analysis, the supernatant was collected via the fermentation
centrifuged at 6576 x g for 10 min. Then the ammonia content
was tested according to the Nessler's reagent spectrophotom-
etry method at 420 nm.*" Each experiment was conducted in
triplicate. Phosphate-solubilizing capacity: 300 pL samples were
taken at different time intervals in 0.9% NaCl solution. Then
samples cultures were grown in 30 mL Pikovskaya's medium at
50 mL beaker flask for 36 h, 30 °C at 170 rpm. The supernatant
was harvested by centrifugation at 6576 x g (10 min) for further
experiments. The capacity of phosphate-solubilizing was
measured by Mo-Sb colorimetry at 700 nm using a UV-752N
ultraviolet spectrophotometer. All experiments were carried
out in triplicate samples. Number of live bacteria: 1 g of the wet
microcapsules (MBC) and 1 mL of the free bacteria were incu-
bated in 9 mL solution (stored at different 25 °C, pH 7, 0.9% salt
concentration conditions for 90 days). The viable bacteria
released into the solution as well as free bacteria were deter-
mined by plate count method at various time intervals.

2.10 Pot experiment

Plump cotton seeds of uniform size were disinfected by 75%
alcohol for 5 min twice, and then washed with sterile water
three times. The seeds were put on filter paper for drying
surface water. 10 cotton seeds were sown into the pot contain-
ing 100 g soil. The pot experiment treatments include blank
group (CK), free bacterial agent (0.5 mL 10° cfu mL™") (FB),
NaAlg alone (0.5 g) (NaAlg), and Bent alone (0.5 g) (Bent), the
microcapsules without bacteria (0.5 g) (MW),
encapsulated bacterial agent (0.5 g). Five replicates were treated
for each treatment. Plants were watered as needed with auto-
claved water. The soil used in this study was collected from
Agricultural Test Site of Shihezi University (44°17'N, 85°49'E),
located in Xinjiang, China and the soil is classified as slightly-
saline, desert grey soil. The basic soil properties of this soil
were as follow: pH 8.16, 0.54 g kg™" of total-N, 0.93 g kg™ " of
total-P, 15.20 g kg™ ! of organic matter, 28.70 mg kg * of avail-
able phosphorus, 57.90 mg kg™' of nitrate nitrogen, 21.83 mg
kg™" of ammonium nitrogen and 86.60 mg kg~ of alkali-
hydrolysis nitrogen. The total nitrogen and total phosphorus
contents of cotton plants in soil pot were measured according to
the book of Soil Agro-Chemistry Analysis.?*** The available
phosphorus, NO; -N, NH,'-N and nitrogen of soil were
measured according to the book.

micro-

2.11 Statistical analysis

The results are reported throughout as mean =+ standard devi-
ation and showed as figure created in origin 8.5 Statistical
software (Origin Lab, Wellesley, MA, USA). Statistical analysis of
the data was conducted using analysis of variance (ANOVA), and
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Turkey's multiple comparison tests in origin 8.5. Values p < 0.05
was considered statistically significant.

3. Results and discussion

3.1 Mean diameter, span and encapsulation efficiency of
microcapsules

The average diameter, span factor, encapsulation efficiency and
average pore size of microcapsules MBA-MBE were displayed in
Table 1. The average diameter and span factor of microcapsules
were found to increase from 44.85 pm to 94.74 um, with the
increase of NaAlg and Bent concentration. Because NaAlg and
Bent increased the viscosity of the solution, reduce the emul-
sification of droplets, resulting in the increasing of particle size
and span coefficient."** Park et al. also found that the mean
size of the microcapsules was related to the viscosity and
reunification of core materials.”® Those results also supported
by Zhao who reported that the mean diameters of microcap-
sules increased from 268.2 to 404.6 um when alginate concen-
tration increased from 2 to 4% (w/w).>®

The encapsulation efficiency varied from 69.34% to 97.46%
with the NaAlg concentration increasing from 0.5% to 1.5%.
The cross-linking was strengthened by more NaAlg in wall
material reacting with CacCl, and excellent film formation made
encapsulation efficiency increased.”® However, there is no
significant difference among MBC, MBD and MBE. The pore
size is negatively correlated with, respectively, the concentration
of NaAlg (14.49 mm to 5.95 mm) and Bent (8.63 mm to 5.95
mm) under the premise of controlling single variable. The
concentration ratio of NaAlg and Bent has an effect on the
surface structure of the wall material, and may also affect the
release of internal bacteria.

3.2 Diffusion permeability of microcapsule membranes

The appropriate permeability coefficient of microcapsules could
protect the cells from harsh environment and also maintain cell
viability by allowing the exchange of nutrients, oxygen, and
waste products between the intra- and extra-microcapsule
environments.”” The environmental conditions like pH,
temperature, salt concentration had influence on drug micro-
capsule DPC have been reported in previous study.”® The DPC
values of different solute molecule in all kinds of microcapsules
significantly declined with the temperature range from 37 °C,
25 °C to 4 °C (Fig. 1). The reasons assigned to higher tempera-
ture accelerated molecular motion and the rate of solute
molecules entering or leaving of microcapsules, so the DPC
value increased with the temperature increased. Wei also re-
ported that the diffusion permeability coefficient (VB,,) value of
CS-M-T microcapsules increases with increasing of temperature
from 25 °C to 49 °C.*°

The DPC values was lowest when pH was 5.0, whereas
highest when pH was 9.0 in the same solute molecule and
microcapsules (Fig. 2). This is because the microcapsules likely
tend to be shrunken under acidic conditions and swelling at the
neutral or even alkaline environment. The results of Zhao also
showed that the DPC of microcapsules was much higher than

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The diffusion permeability coefficient of microcapsule membrane in five microcapsules under different temperature ((A): glucose, (B):
VBi,, (C): PEG and (D): BSA at 0.9% pH 7.0 condition) (different letters on each column are significantly different at p < 0.05.).
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Fig. 2 The diffusional permeability coefficient of microcapsule membrane in five microcapsules under different pH ((A): glucose, (B): VB, (C):
PEG and (D): BSA at 0.9% 25 °C condition) (different letters on each column are significantly different at p < 0.05.).
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that of bile salt solution (pH 6.8) compared with in simulated
gastric fluid (pH 2.0).” He who used VB,, as tested probes also
reported that DPC value increased with the increase of pH.? In
addition, calcium alginate slightly dissolved under alkaline
conditions, which also accelerated the release of substances
from the microcapsules.

The DPC value decreased with the salt concentration
increasing in the same conditions of microcapsules and solute
molecules (Fig. 3). The reason may be that the concentration at
the 1.5% salt solution resulted an increased external osmotic
pressure of the microcapsules, which hindered solute mole-
cules release from the microcapsules; on the contrary, when the
microcapsules were in water, the microcapsules internal
osmotic pressure was greater than that external, which was
favorable for the substances release from microcapsules.

The DPC value change trend was DPC, > DPCg > DPCg > DPCp,
> DPC varied with the pH, temperatures, and salt concentration,
which were in the same storage conditions and solute molecule
(Fig. 1-3). The reason could be contributed that shell formation
performance was enhanced by adding NaAlg. Our previous study
has shown that the diameter of microcapsules increased with the
increasing of NaAlg and Bent concentration, and the MBC
showed the biggest diameter (Table 1). This phenomenon shows
that large particle size will lead to smaller DPC. Another reason
for the DPC value change was due to the pores size of the
microcapsules. As is well know, the reduction in the number of
pores via adding Bent and NaAlg will cause the decrease of path
that substance enter and out of the microcapsules. In the study of
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Puguan also showed that the diffusion coefficient of VB, slightly
decreased with the increase of the sodium alginate concentra-
tion.*® Bentonite could be one of the most possible reasons to this
increase, for that bentonite is broadly used for its well water
swelling, fine absorption and cation exchange, and it is very
conducive to nutrient exchange inside and outside the
membrane. With the same environmental conditions and
microcapsules, the DPC value decreased with the increasing of
the molecular weight of the four solute molecules glucose, VB;,,
PEG and BSA. Permeability of the APSi microcapsule membranes
reported by He also showed that the size match between the
solute molecules size and the pore size of APSi capsule
membranes had effect on DPC values during the transmembrane
diffusion.” In addition, low molecules weight of the soluble
markers has been reported to have higher DPC value.”

The In{(C¢ — C;)/(C¢ — C,)} were linearly correlated with time ¢.
Obviously, the slope of the straight line was affected by micro-
capsule type and solute molecular weight. The increase of solute
molecular weight showed lower In{(C; — C;)/(Cs — C,)}. Similar
results had also appeared in the study of He, who found that the
slopes of the straight lines of In{(C; — C;)/(Cs — C,)} versus t for
methylene blue molecules were higher than that for VB,
molecules, PEG molecules and BSA molecules.’ Besides, the
effect of wall material concentration on diffusion permeability
of the microcapsule film was MBC > MBD > MBE > MBB > MBA,
associated to the pore size of the microcapsule network which
related with the alginate and Bent content in wall material

(Fig. 4).
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Fig. 3 The diffusion permeability coefficient of microcapsule membrane in five microcapsules under different salt concentration ((A): glucose,
(B): VByp, (C): PEG and (D): BSA at 25 °C pH 7.0 condition) (different letters on each column are significantly different at p < 0.05.).
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3.3 Survival rate of Rs-198 in microcapsules

The highest viability of the five microcapsules was at 4 °C, the
lowest survival rate was at 37 °C at 90 day (Fig. 5A). This may be
because that high storage temperature showed higher bacteria
activity and consumed more energy, if bacteria lose their
energy, they can't keep normal metabolism and gradually die.*®
Other author also reported that the decrease in temperature
leads to increase in bacteria stability.** The viability of the
bacteria at in microcapsules always higher than free cell, and
pH 7.0 was always higher than that at pH 5.0 and pH 9.0
(Fig. 5B). The external pH affected the activity of cell membrane
and extracellular hydrolase, but the membrane surrounding
alginate beads reduces transition of acids and alkaline from the
solution into the beads, therefore limits their adverse effect on
the encapsulated bacteria.*® In the other hands, alginate has
a low stability in acidic conditions, it shows less protection on
cell at pH 5.0 conditions.

The survival rate of MBA was 0.36%, 1.03% and 0.28%,
respectively, under salt concentration of 0%, 0.9% and 1.5% at
90 day (Fig. 5C). The highest survival rate at 0.9% salt solution
was because the 0.9% salt solution provided a proper osmotic
pressure to protect the bacteria. In addition, NaCl acted as
a chelator to release Ca*>* from the microcapsules, which led to
swelling and dissolution of calcium alginate in microcapsules,
thereby facilitating the release of cells from the microcapsules.*
Therefore the bacteria remained in the microcapsules were less
for more bacteria released from the dissolution hole of calcium
alginate microcapsules at 1.5% salt solution condition.
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The survival rate of the bacteria in the MBA, MBB and MBC
increased gradually with the increase of NaAlg concentration,
for a more densely cross-linked gel structure will be formed, and
a better protection of bacterial cells will be achieved.>"

3.4 The correlation of microcapsules DPC and bacterial
survival rate

The survival rate of the bacteria was negatively correlated with
the DPC value, this might be assigned to the good permeability
of the microcapsule membrane, which is conducive to the
release of bacteria (Fig. 6). On one hand, the substances from
the external environment could easily enter the interior of the
microcapsules, thereby affecting the survival rate of Rs-198 in
the microcapsules. On another hand, higher permeability will
also lead to more bacteria release to outside of microcapsule
and lose of protective shell. It is also proved that microencap-
sulation in semi-permeable membranes protects cells against
immune destruction.?

3.5 Cell density of microcapsulation Rs-198 during cell
culture process

The microcapsules (MBC) with lowest permeability were used for
bacteria leakage test. The number of bacteria in microcapsules
and the leakage from microcapsules during the culture for 48 h
were presented in Fig. 4. In the first 18 h, the number of bacteria
in NaAlg-Bent microcapsules appeared to have no significant
changes, which held about 8.4 log cfu g *. The maximum cell
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Fig. 4 Plot of In[(C; — C)/(C; — Cy)l versus t of the glucose (A), VBy, (B), PEG 10000 (C), and BSA (D) molecules across the trans-membrane of five

microcapsules at 0.9%, 25 °C and pH 7.0.
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number in microcapsules was about 9.18 log cfu g~ * at 30 h. After
slight growth, the encapsulated cells were declined until kept at
8.10 log cfu g~ ' constantly. The Rs-198 leakage had a long period
exponential phase from 0 to 10.17 log cfu g " in 24 h. The leaked
Rs-198 kept about 10.20 log cfu g~ for 12 h (at stable phase) and
then went into death phase. Several significant studies have
shown that reduce of the permeability of microcapsules wall,
resulting in a strong effect for inhibition of drug leakage.* The
microcapsule membrane formed by sodium alginate and calcium
ions could provide stable microenvironment and had beneficial

166 | RSC Adv, 2020, 10, TI59-N71

effect on the growth and leakage of bacteria.”® Adding bentonites
into sodium alginate maybe lead to the inner space of micro-
capsule shrink and limit the growth and active of bacteria in
microcapsules. But the release of Rs-198 into NA medium was
due to the hole/pore of the surface and the swelling of the
microcapsules. The addition of alginate-chitosan in the wall
complex improved mechanical and chemical stability of micro-
capsules wall, significantly reduced permeability of microcap-
sules wall,** resulting less leakage of the entrapped cells into the
medium (Fig. 7).
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3.6 Growth and metabolism of bacteria in microcapsules

The IAA production of Rs-198 in microcapsules maintained
around 65 pg mL ™" in 90 days (Fig. 8A) and the slight fluctua-
tion was resulted from the number of bacteria in samples see
Fig. 8D. The viable bacteria kept high number through the
storage period. Our previous study had explained the reason for
microcapsules provide low-stress microenvironment to
cells.’>** The TAA production of free bacteria at 59 pg mL ™"

Cell density (log cfu/g)
(-]
1

24 —=— |nternal
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o ? T T T T T T T T T
-5 0 5 10 15 20 25 30 35 40 45 50

Time (h)

Fig. 7 Cell densities in MB microcapsules and leakage bacteria during
the culture for 48 h (different letters on each column are significantly
different at p < 0.05.).

This journal is © The Royal Society of Chemistry 2020

stored 3 months, and there was similar fluctuation. This might
be due to the shell of microcapsules protected the bacteria (Rs-
198). We evaluated the ability of the Rs-198 produce ammonia
released from microcapsules to under saline storage for 90 days
(Fig. 8B). The results have showed that the ability of Rs-198 to
produce ammonia, either in microcapsules or in free bacteria,
remained essentially same after storage. The phosphate solu-
bilization ability of the free and encapsulated cells in certain
time was depicted in Fig. 8C. The phosphate solubilization of
cells in microcapsules was slightly varied. It is around 53 mg L™ *
in most case, except 60 day (40.6 mg L) and 90 day
(27.3 mg L™"). The phosphate solubilization ability of free cells
held 45 mg L™" in first 28 days, but gradually decreased after 45
days (30.5 mg L"), 60 day (28.4 mg L") and 90 day
(20.2 mg L "). The microcapsules as a protective shell protected
bacteria from unfavorable environment in the first 60 day.
The Rs-198 promotes cotton growth and development by
a mechanism of IAA production, ammonia production and
phosphate solubilization etc. Microencapsulation, as a protec-
tive mechanism, did not show bad effect on growth and
metabolism of the bacteria. In addition, compared to the ability
of IAA and ammonia, the storage day (inoculated amount) had
greater effect on the phosphate solubilization ability (Fig. 8).
Wang et al. similarly indicated that bacteria can still conserve
bacterial ureolytic activity after being immobilized into silica gel
and polyurethane foam.** What's more, result showed that the
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metabolite produced by bacteria can freely enter and exit the
capsule.

3.7 Plant fresh and dry weight

A noteworthy increase in root length, plant height, fresh weight,
and dry weight of cotton plants were observed in MB (micro-
encapsulated bacterial agent) treatment (Table 2). Compared
with their corresponding control plants, MB treatment signifi-
cantly increased root length, plant height, fresh weight, and dry
weight by 19.48%, 23.47%, 65.36%, and 99.08%, respectively.
FB (free bacterial agent) treatment increased fresh and dry
weight by 37.86% and 67.88% compared to control plants.
What's more, MB treatment can increase fresh weight, by
28.30% compared to FB treatment. These results indicate that
a synergetic effect was formed by Rs-198 and NaAlg, Bent."* MW
also significantly increased plant fresh and dry weight by

28.88% and 63.30% to control. This may be because that MW
takes advantages of NaAlg and bent for NaAlg as a biodegrad-
able material can be used as an energy and carbon source for
other beneficial microorganisms and Bent significantly
increased soil moisture, soil water storage, saturated hydraulic
conductivity water use efficiency in semi-arid region for its
absorption capacity.’” It had been reported application of Ca-
alginate-entrapped PGPR in a soil-plant system can be an effi-
cient technique for plant establishment and growth in nutrient
deficient soils.**?**

3.8 Cotton plant and soil N, P content

Total N, P concentration of cotton plants in MB treatment were
significantly higher compared with FB and MW treatment
(Fig. 9A and B). MB treatment showed highest total nitrogen
and phosphorus contents in cotton plants, which increased by

Table 2 Root length, plant height, fresh weight and dry weight of cotton in the different treatments”

Treatments Root length (cm) Plant height (cm) Fresh weight (g) Dry weight (g)
CK 6.0+ 0.5b 12+1b 0.90 £ 0.10d 0.11 £0.01 ¢
FB 6.8 + 0.4 ab 13+1b 1.20 £ 0.09 b 0.18 £+ 0.03 ab
MB 71 +0.6a 15+1a 1.44 £ 0.05 a 0.22 £ 0.04 a
MW 7.0 + 0.5 ab 14 + 2 ab 1.12 + 0.05 be 0.18 £+ 0.06 ab
NaAlg 6.6 + 0.6 ab 13+1b 0.90 £+ 0.06 cd 0.15 £ 0.02 bc
Bent 6.1+04b 13 +1ab 1.04 £ 0.09 ¢ 0.15 + 0.03 b

“ Different letters on each column are significantly different at p < 0.05.
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43.48% N and 46.51% P compared with CK; followed by FB
treatment, which increased by 29.14% N, and 28.45% P. Various
microbial inoculants are already reported to promote soil
microbial development, nutrient availability and plant growth
through processes such as nitrogen fixation, nutrient mobili-
zation, plant growth regulator syntheses in recent years.***
These finding may be due to the increased N, fixation and
phosphorus solubilization ability of Rs-198. What's more, more
Rs-198 survived in the microcapsules and will cause more
available N and P in rhizosphere soil, so MB showed highest
total N, P contents. In the research Yadav reported that the
inoculation of composite treatments combination of PGPB
strains increased the N, P, and K contents in grain and straw of
rice at different levels P application.”” These results confirmed
that the presence of immobilized beneficial bacteria using
microcapsules in the soil substantially enhancing its survival
ratio.*

MB treatment significantly increased the soil alkali-
hydrolysis nitrogen NO; -N, NH,'-N and Olsen-P content by
17.13%, 55.69%, 31.48% and 45.43%, respectively compared to
that control (Fig. 9C and D). What's more, the NO; -N, NH,'-N
and Olsen-P contents in MB treatment were significantly higher
than that FB, and MW treatment. Several studies have outlined
the direct or indirect role of PGPB in elevations of oil nutrients
to promote plant better uptake nutrient. Our previous work had
proved that Rs-198 increase the soil P content by increase the
phosphate solubilizing bacteria abundance in the pepper

This journal is © The Royal Society of Chemistry 2020

rhizosphere soil.** These results illustrate the additional
protection that the microcapsules provide to the bacteria.** It is
important to note that significantly difference in soil alkali-
hydrolysis nitrogen NO; -N, NH,-N and Olsen-P contents
between free bacteria and control, alkali-hydrolysis nitrogen
NH,"-N and Olsen-P contents between MB and MW, especially
for MB increased by 22.86% in soil Olsen-P than MW. For Rs-
198 had been shown to have great growth promoting effect
with its phosphate solubilizing property, and nitrogen fixation
performance.”” On the other hand, inoculation of Rs-198
microcapsules may associated with microbial diversity
changes was also concomitant with soil N, P range.** Song et al.
has proved the synergistic effects vermicompost and PGPR on
both soils and crops.*® Another reason for MB increase soil N, P
content may be because those microcapsules protect bacteria
from harsh environment and increase bacteria population,
which can soluble more P and fix more N in the soil.

4. Conclusions

This work describes the diffusion permeability of rhizobacteria-
loaded microcapsules and its relationship to growth metabo-
lites release as well as bacteria survival rate in detail. The DPC of
microcapsules were negatively related to molecular weight of
probe molecules, while positively related to temperature, pH,
salt concentration and average pore size of microcapsules. The
most important thing is the survival rate of the Rs-198 was
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negatively correlated with the DPC of the microcapsule
membranes. Besides, microencapsulate did not affect IAA,
ammonia production and phosphate solubilization ability of
microencapsulated Rs-198. Moreover, the study also proved that
microencapsulated Rs-198 promoted plant growth on biomass
and total N, P contents by improving soil nitrogen, NO; -N,
NH,'-N and Olsen-P content. The results in this study provide
valuable guidance for the easy fabrication and widely applica-
tion of live PGPRs microcapsules formulation.
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