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Abstract. Hydrogels have been extensively used for crop improvement and this study presents a novel and facile
synthesis method of clay nanocomposite hydrogel beads for encapsulation of plant probiotic bacteria. The nanocomposite
used in the study consists of poly(ethylene oxide) and laponite clay. The hydrogel beads were prepared in a one-step
synthesis technique to encapsulate five Pseudomonas strains both alone and as a consortium. The effects of this polymer
nanocomposite (PNC) gel/plant growth-promoting rhizobacteria (PGPR) in various combinations were studied using
Vigna unguiculata by evaluating its growth parameters. Here, significant improvement of leaf length, leaf number and
shoot length could be observed for the consortium-encapsulated PNC hydrogel beads treated plants when compared with
the untreated as well as single strain bacteria treated. In addition, the microbial viability studies indicated the PGPR to be
stable up to 60 days within the PNC beads. The results of the study indicate great potential of the PNC beads mediated
delivery of plant probiotic bacteria for the replacement of chemically synthesised and environmentally hazardous
fertilisers.
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Introduction

Polymer nanocomposites (PNC) in bead form have been
extensively used for drug delivery, cell encapsulation and
various environmental applications [1–3]. Various PNC
systems have employed nanoclays to achieve superior
properties [4]. One of the drawbacks of using clay is the
lack of control over the size of the clay platelets. The
introduction of synthetic nanoclays in the 1960s, has paved
way for synthesis of nanoclays of various levels of purity
and dimensions based on the applications [5]. Laponite
(Lap) is one such synthetic nanoclay, possessing diameter
of 30 nm and thickness of 1 nm [6]. The clay platelets of
Lap crosslink and form network when hydrated [7]. Lap has
been extensively used for biomedical engineering [7,8].
Laponite has also been successfully employed as seedcoating material. However, the ability of laponite to form
crosslinked network has not been exploited in agriculture.
Poly(ethylene oxide) (PEO) is one of the most widely
used synthetic polymers for producing nanocomposite
hydrogels [9]. Silicates used in PNC usually increase the
hydrogel network strength and the mechanical stability of

the hydrogel system. PEO and Lap have been used extensively due to their ability to form reversible hydrogels [10].
PEO has also shown to increase plant stress tolerance and
thereby facilitating better growth. It is considered to have
H-bonding, ionic, dipole and polymer entanglement interactions between the polymer and the silicate platelets [11].
Very few applications using this PNC combinations have
been reported so far.
Recent agricultural advances promote the use of organic
materials as fertilisers and pest control agents. Plant growthpromoting rhizobacteria (PGPR) have gained immense popularity due to their ability to improve plant growth and
productivity. These are plant probiotic agents that are known
to enhance plant growth [12–14]. In order to maintain the
beneficial effects, the probiotic bacteria should be provided
with a congenial environment to survive and multiply. One
of the most efficient methods that nurtures probiotic microbes
is encapsulation [15]. Various polymers and food proteins
have been used to encapsulate probiotic bacteria. Most of
these raw materials have the disadvantage of breaking down
on exposure to environmental factors and hence they are
suitable mainly for immediate use. In the case of alginate
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encapsulation, the properties of alginate beads are usually
enhanced by coating with various other materials such as
chitosan, polyamino acids and glutaraldehyde [16].
In this study, a commercially grown and highly consumed legume, Vigna unguiculata, was used as model
plants for testing the efficiency of PNC-encapsulated PGPR.
The PEO/Lap/PGPR nanocomposite complex was prepared
by a simple one-step synthesis technique. Plant probiotic
complexes consisting of various Pseudomonas strains and a
consortium of 5 strains of Pseudomonas were prepared in
this study. The effect of polymer, clay, nanocomposite and
the probiotic complex on V. unguiculata were further
studied. The holistic effect of the hydrogel and probiotic
bacteria is observed to enhance the plant parameters. This
study presents the first ever use of PNC bead as a plant
growth enhancer.
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laponite was thus produced and stirred for 6 h at 37°C. The
suspension was then sterilized at 121°C, 15 psi for 20 min
and stored at 4°C. PEO (Sigma Aldrich, St. Luis, USA,
average MW = 100,000; cat no.: 181986) at 1 wt% concentration was added to NB and autoclaved at 121°C, 15 psi
for 20 min and stored at 4°C. Neat Lap capsules were
produced by adding Lap suspensions drop-wise using a
syringe into PEO-enriched NB from a height of 3 cm from
the NB surface. Bacterial cell suspensions were washed
twice with sucrose (0.25 M) and mixed at 10% fraction to
2.5% Lap suspensions. The bacterial-laponite suspension
thus produced was added drop-wise into PEO-enriched NB
to obtain PNC gel beads [19]. The preparation of the PNC
gel beads is schematically represented in figure 1.

2.3
2.
2.1

Materials and methods
Bacterial strains

Rhizospheric strains of Pseudomonas spp., which were
previously isolated from the Western Ghat regions of Kerala, were used in the study. These were Pseudomonas fluorescens (KY823007), P. taiwanensis (KY823006),
P. monteilii (KY823008), P. rhodesiae (KY823010) and
P. putida (KY823009). These strains were used separately
and as a consortium constituting all the five strains of bacteria: the strains used henceforth be addressed as PF, PT, PM,
PR, PP and All (consortium including all the five strains of
Pseudomonas spp.), respectively. These strains have previously been demonstrated to have the ability to produce
indole-3-acetic acid (IAA) and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, ammonia and hydrogen
cyanide (HCN). In addition, they possessed phosphate solubilization and nitrogen fixation abilities too [17].
Each selected bacterial strain was inoculated into 400 mL
of nutrient broth (NB) and grown for 48 h at 30°C. The
culture was then centrifuged at 5000 rpm for 10 min to
obtain bacterial pellets.
The consortium of the five strains of Pseudomonas spp. was
prepared separately by inoculating each strain in to 100 mL of
NB followed by 48 h incubation at 30°C. After the incubation
period, the cell density of each strain was adjusted to 9 9 108
CFU ml–1 and they were mixed together and centrifuged at
5000 rpm for 10 min to obtain bacterial pellet [18]. The harvested pellets were refrigerated until encapsulation.

2.2

Preparation of Laponite/PEO beads

Laponite XLG (Rockwood Additives Ltd, UK) suspension
was prepared by adding the laponite powder to distilled
water, followed by mechanically stirring at 6000 rpm to
produce a vortex. Suspension composed of 2.5 wt% of

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra of the dried and
hydrated laponite samples were measured using Vertex 80v
FTIR, from Bruker Optics in ATR (Attenuated Total
Reflection) mode, from 500 to 4000 cm–1 with a 4 cm–1
resolution and co-addition of 64 scans were recorded.

2.4

X-ray diffraction

X-ray diffraction (XRD) measurements of dehydrated
Laponite gel beads (random powder sample) were carried
out using Bruker D8 Advance X-Ray Diffractometer with
nickel-filtered CuKa radiation operating at 45 kV and 44
Ma. All data were collected in the 2h range of 2–40° with a
scanning rate of 5° min–1.

2.5

Viability testing of the encapsulated bacteria

All the encapsulated bacterial strains were tested to ensure
their viability before commencing the plant growth experiments. The beads were aseptically removed from the media
and surface sterilized with 70% ethanol. The surface sterilized beads were then placed on Kings B agar medium and
cut gently with a sterile surgical blade to release the contents. These plates were then incubated at 30°C for 24 h to
assess the viability of the entrapped cells [20].
Standard plate count experiments were also carried out
on day 1, 30 and 60 to assess the viability of the encapsulated PGPR. For this study, the laponite beads were aseptically removed from the nutrient broth, and dipped in 70%
ethanol to remove any surface cells. The surface sterilized
beads were then introduced into vials containing 10 mL of
sterilized NB. The introduced beads were ruptured using
sterile forceps and the vials were incubated at 30°C for 24 h.
After 24 h incubation, 100 ll NB from each vial was spread
on sterilized nutrient agar plates and incubated for 24 h. The
colonies were counted and expressed as CFU ml–1.
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Figure 1.
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Schematic representation on the preparation of PGPR-encapsulated PEO/Laponite gel beads.

Appropriate controls were used for each study and the
experiments were carried out in triplicates [21].

2.6
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Plant growth study using V. unguiculata

The V. unguiculata seeds were treated with the bacteriaentrapped beads and each treatment included triplicate set
of ten seeds. Appropriate controls were maintained for each
treatment and these included untreated seeds, seeds treated
with the bacterial strains alone, seeds treated with neat Lap
beads and neat Lap/PEO beads. Before initiating the plant
treatments, the seeds were surface sterilized with 70%
ethanol for 2 min followed by treatment with 2% sodium
hypochlorite solution for 10 min and then washed 10 times
with sterile distilled water. The surface sterilized seeds were
placed in Lap beads for 30 min under sterile conditions. The
seeds for treated with the bacterial suspensions were placed
in their respective bacterial suspensions for 30 min, under
sterile conditions. After seed treatments, the seeds were
sowed along with the beads in small pots containing sterilized soil (sterilized under standard autoclaving procedures). After 10 days of sowing, the plants were gently
uprooted. The root length, shoot length, leaf length and leaf
numbers of the uprooted plants were recorded and their
mean values were used for comparing the growth of various
experimental groups [22].

2.7

Statistical analysis

Analysis of variance (ANOVA-One way) was performed on
all experimental data. Growth parameters of control plants
were compared with those of treated plants using the
Duncan’s multiple range tests with SPSS software at 5%
level of significance.

3.

Results and discussion

Hydrogel-based plant improvement systems have great
potential for increasing plant vigour and productivity [23].
In this study, PGPR and their consortium were encapsulated
and their performances were analysed.
The prepared PEO/laponite beads adapted their size and
shape according to the aperture size, distance and volume of
the cell/laponite mixture. The prepared beads showed the
tendency to sink and did not stick to each other.
The X-ray diffraction studies were carried out in order to
confirm the presence of PEO in/on the surface of the
nanocomposite beads. The analysis revealed the characteristic reflections of Laponite and PEO powders (figure 2).
The maximum intensity reflections of PEO were found at 2h
= 19° and 23°. The major reflections of PEO are indicative
of the crystalline state of the polymer chains held together
by H-bonds [24]. The reflection at 2h = 19° corresponds to
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the reflections from 120 crystal plane and 2h = 23° is the
reflection from the 112 crystallographic plane [25]. Laponite showed a basal reflection at 2h = 6.2°, which was
characteristic of the 001 crystal plane reflection. The
nanocomposite XRD data indicated a slight decrease in
intensity of the Laponite reflection and a marked increase in
intensity of the PEO major reflections. The marked increase
in the polymer reflections can be observed in the PNC,
which could indicate that the polymer forms a coating on
the surface of the laponite beads. The reflections exhibited
in the PNC by the polymer is therefore, the sum of the
reflections by the clay tactoids as well as those of the
polymer crystallites. In addition, a slight decrease in the
intensity of the Laponite reflections could be attributed to
the masking of its characteristic reflections by the polymer
[26,27].
In the laponite FTIR spectrum, the characteristic vibration bands were observed at 3479 cm–1 (intramolecular
–OH stretching from adsorbed H2O), 3286 cm–1 (C–H
stretching), 1651 cm–1 (–OH bending), 1088 cm–1 (Si–O
stretching) and 659 cm–1 representing Mg–OH–Mg bending
vibration (figure 3) [28,29].
The PEO FTIR spectrum shows a broad band with its
centre at 3392 cm–1, this is possibly due to hydration of
PEO through the absorption of water vapour in the air. The
band corresponding to the –CH stretching and bending
vibrations appeared at 1647 and 1360 cm–1. The –CO bands
could be observed at 1100 and 1036 cm–1 [30].
The nanocomposite hydrogel FTIR spectrum showed the
characteristic bands of PEO, whereas the bands of Laponite
appeared to be drastically reduced or masked as seen from
figure 3. This could indicate that the PEO chains had covered the surface of the PNC beads, thereby masking and
weakening the spectra exhibited by the laponite clay. A
similar trend was observed in the XRD data, where the

Figure 2. X-ray diffraction analysis of Lap/PEO polymer
nanocomposite, laponite and PEO.
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reflections of PEO were intensified and those of Lap were
masked.
The standard plate count viability assay was performed to
evaluate the sustainability of microbial growth within the
PEO/laponite beads. The assay was performed at intervals
of 30 days starting on day 1. The results of the study
indicated that cells were viable in the beads up to 60 days
(figure 4). Interestingly, CFU ml–1 was found to have
increased after day 30, which continued up to day 60.
Earlier studies suggest that the laponite clay platelets tend to
adsorb proteins present in the NB [31], hence the bacteria
could multiply within the beads due to nutrient availability,
resulting in increased colony-forming units.

Figure 3. FTIR spectra showing the laponite/PEO hydrogel and
the spectra of the constituents of the individual nanocomposite
hydrogel (laponite and PEO).

Figure 4. Microbial viability analysis of the encapsulated
bacteria expressed as colony-forming units per ml of nutrient
broth (CFU ml–1). The viability assay was carried out on day 1,
days 30 and 60.
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Figure 5. The comparative growth and pigmentation of various Pseudomonas species: (a) free living and
(b) encapsulated bacteria released from laponite beads.

Figure 6. Plots depicting the growth parameters of V. unguiculata after 10 days of growth in green house, the
numbers within parentheses represent the significantly different populations. Asterisks (*) indicates significant
difference from all the experimental groups. (a) Average leaf length. (b) Average shoot length, (c) average leaf number
and (d) average root length.

The ability of the strains used in the study to produce
characteristic pigmentation in Kings B medium was
exploited in order to confirm the strain of the encapsulated bacteria. This test revealed pigmented colonies,
which remained true to their free-living counterparts
(figure 5a and b). The free and encapsulated bacteria
produced identically pigmented colonies. Thus, it could
be deduced that the PGPR remain viable within the PNC

beads. The ability to maintain pigment formation abilities
within the beads could indicate that the bacteria were able
to survive without any adverse changes after encapsulation [20].
The green house study using PGPR encapsulated in PNC
beads was performed and the results were recorded. The
plants treated with PNC consortium complex showed
enhanced growth when compared to the control plants.
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Figure 7. Photographs of harvested V. unguiculata depicting their performance in various groups, such as untreated (neat), laponite
neat (Lap neat) and (a) Lap/PR and PR, (b) Lap/PM and PM, (c) Lap/PP and PP, (d) Lap/PF and PF, (e) Lap/PT and PT, (f) Lap/All and
All.

The growth parameters of V. unguiculata were recorded
after 10 days growth. The plots depicting average shoot
length, root length, leaf number and leaf length can be
observed in figure 6. The treatment groups with P/L/All
beads, containing the consortium of Pseudomonas, showed
significant difference from all the experimental groups with
respect to leaf length and leaf number. This could be
indicative of increased photosynthetic capabilities in the
P/L/All treatment groups.
The average shoot length is also enhanced significantly in
P/L/All treatment group, a similar trend can be observed in
the average root length of the treated seedlings (figures 6
and 7). It is interesting to note that average root and leaf
length is significantly more in Lap neat and PEO neat when
compared to the neat control group. This could potentially
be due to the hydrophilic and water retentive nature of
Laponite clay. Earlier reports suggest that hydrogels alone
are capable of shoot enhancement in crops [32].

4.

fertilizers. The combination of hydrogel PNC and PGPR
resulted in vigorous growth of seedlings, which could be
attributed to synergistic action of hydrogel and multiple
strains of growth-promoting organisms. This PNC-based
plant growth-promoting complex has great potential for
ensuring good agricultural productivity and food safety. The
prepared PNC-based plant probiotic delivery vehicles can
act as holistic growth boosters and could effectively substitute chemical fertilizers.
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for development of greener substitutes for these agrochemicals in order to prevent or possibly undo further
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proven their capacity for crop improvement. A system using
Laponite clay and PEO for delivery of these eco-friendly
plant probiotics was developed in this study. This
nanoparticle-based hydrogel system proved to be functional
and more efficient than the free-living PGPR. The simple
protocol of synthesis of the PEO/Lap-encapsulated PGPR
can be easily scaled up as well. This study also brings to the
forefront the potency exhibited by bacterial consortium in
overall plant growth improvement in the absence of external
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