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Abstract: The study was aimed at evaluating the effect of nanosilica and different sources of silicon on soil properties, total
bacterial population and maize seed germination. Nanosilica was synthesised using rice husk and characterised. Silica powder
was amorphous (50 nm) with >99.9% purity. Sodium silicate treated soil inhibited plant growth promoting rhizobacteria in
contrast to nanosilica and other bulk sources. Surface property and effect of soil nutrient content of nanosilica treatment were
improved. Colony forming unit (CFU) was doubled in the presence of nanosilica from 4 × 105 CFU (control) to 8 × 105 CFU
per gram of soil. The silica and protein content of bacterial biomass clearly showed an increase in uptake of silica with an
increase in nanosilica concentration. Nanosilica promoted seed germination percentage (100%) in maize than conventional Si
sources. These studies show that nanosilica has favourable effect on beneficial bacterial population and nutrient value of soil.

1 Introduction

Plants generally require silica to control biotic and abiotic
stress [1]. The presence of silicon reduces toxic metal
elevation and increases water-use efficiency and
photosynthesis rate in plants. Furthermore, silicon also acts
as a bioprotectant against fungal attack [2]. Currently,
different sources of silica are used as fertiliser for crop, but
their effect on soil biological properties is still not clear.
These sources are routinely applied for promoting the
growth of crops such as sugarcane and rice [3–6].
Silicon is abundant in soils and the second most common

element on earth after oxygen [7]. The freely available form
of silicon is less and requires a mechanism, which is known
as biological weathering of rocks, to solubilise chemically
inert silicate [7]. Also, it is reported that bacteria use
silicon-based autotrophy as a source of energy to support
CO2 fixation [8]. Silicic acid stimulates the growth of both
aerobic and facultative anaerobic soil bacteria in ultra-pure
water under strict oligotrophic conditions. It is also being
proposed that there is a possibility of first bacteria having
evolved on earth because of silicon [9]. Therefore it is an
essential element for plants because continuous cropping
reduces available forms of silicon, leading to poor growth
and yield of the crop. To improve growth and crop yield,
different sources of silica fertilisers are used. Plants
normally absorb silicon in the form of monosilicic and

polysilicic acids. The absorbed silica and silicates are
polymerised in roots and then they are deposited in stem
and leaf.
Nanosilica is an important metal oxide that covers all major

fields of science and technology including industrial,
electronics and biomedical applications [10–12]. It has
gained greater attention because of its highly reactive
surface-to-volume ratio property. Agricultural application of
nanoparticles are currently an interesting area of interest.
The introduction of nanoparticles into plants might have
significant impact and thus, it can be used for agricultural
applications for better growth and yield. Generally, several
studies are made on toxicity of nanoparticles on seed
germination which are based on germination rates obtained
with response to nanoparticles [13, 14]. An earlier study
shows that the addition of nanosilica in soil enhances
growth of maize (Zea mays L.) [15]. Even though different
sources of silica are used as silicon fertilisers,
ecotoxicological properties and the risks of silicon fertilisers
in terms of soil microbial health and soil nutrient values are
found to be scanty to the best of our knowledge. It is well
known that plant growth promoting rhizobacteria (PGPR)
plays a key role in recycling and maintenance of soil health
which improves plant growth [16–19]. Therefore it is very
essential to analyse the effect of particles on PGPR.
The purpose of this investigation was to evaluate the effect

of nanosilica and other sources of silica on PGPR, soil
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properties, total soil bacteria and maize seed germination. The
effect of silica on soil properties is explored in terms of soil
nutrient (N, P and K) levels. The amount of silica taken up
by the bacteria and variations in protein content are studied
by estimating total silica and protein content in microbial
biomass before and after treatment with nanosilica and
other silicon sources.

2 Materials and methods

2.1 Silicon sources

Commercial chemicals namely sodium silicate (Na2SiO3,
99% purity), micron silica (SiO2, 99% purity), silicic acid
(H4SiO4, 99% purity) and tetraethyl orthosilicate [TEOS, Si
(OC2H5)4, 98% purity] were procured from Merck
(Mumbai, India) and Sigma-Aldrich Chemie (USA) and
were used without any further purification only to correlate
with the influence of nanosilica particles. Nanosilica was
synthesised from rice husk, a natural inexpensive source,
using alkaline treatment followed by acid precipitation
method [20]. It is a low cost and eco-friendly method for
obtaining mass quantity of nanoparticles. The prepared
powder was characterised using X-ray diffraction (XRD;
X’Pert PRO; PANalytical, Almelo, the Netherlands), Fourier
transform infrared spectroscopy (FTIR; Spectrum 100;
PerkinElmer, Waltham, MA, USA), particle size distribution
(PSD; Nanophox; Sympatec, Clausthal-Zellerfeld, Germany)
analyser, Transmission electron microscopy (TEM)
(CM200, Philips, Hillsboro), energy-dispersive X-ray
spectroscopy (EDX; JSM-6390LV; JEOL, Tokyo, Japan)
techniques and Brunauer–Emmett–Teller (BET) surface area
analyser (Autosorb AS-1 MP, USA).

2.2 Silica susceptibility test on microbes

Four selective PGPR, namely Bacillus megaterium, Bacillus
brevis, Pseudomonas fluorescens and Azotobacter
vinelandii were obtained from National Collection of
Industrial Microorganisms (NCIM; National Chemical
Laboratory, Pune, India). Cultures were maintained in
specific agar media slants at 4°C (nutrient media for
B. megaterium (NCIM 2087), B. brevis (NCIM 2533) and
P. fluorescens (NCIM 2390) and Ashby’s media for
A. vinelandii (NCIM 2821) (HiMedia, Mumbai, India).
Antibacterial activity was assessed by using Kirby–Bauer

disc-diffusion method [21] with Mueller–Hinton agar
(HiMedia, Mumbai, India) as a medium. About 15 ml of
sterile molten medium was poured into Petri plates and
allowed to solidify for ∼5 min followed by swabbing of
0.1 ml inoculum (from 24 h old culture) uniformly over the
agar. One microgram of different silicon sources was
loaded individually on sterile discs (5 mm) followed by
incubation of plates at 37°C for 24 h. Antibiotic discs,
chloramphenicol (30 g concentration) and streptomycin
(10 g concentration), were used as positive control for
Gram-negative and -positive bacteria, respectively. After
incubation, the inhibition zone around the disc was
measured with a transparent ruler and the experiment was
performed in triplicates.

2.2.1 Bacterial surface toxicity analysis: PGPR were
grown in 50 ml of nutrient medium and kept in an
incubator shaker for 24 h at 37°C. The bacterial cells were
separated by centrifugation at 5000 rpm for 15 min and
then washed with 10 g/l of NaCl solution. Finally, bacteria

were re-suspended in 10 ml of NaCl concentration (1 g/l)
and the solution was diluted to 2 × 108 cells per ml for
toxicity analysis. Initial bacterial cell population was
determined using turbidity measurement by UV–vis
spectrophotometer (U-2900/2910; Hitachi, Japan) at 500
nm [22].
Silicon sources with 20 mg/l of stock suspension (100 ml)

were freshly prepared and autoclaved. Bacterial suspension
(10 ml) from 1 g/l NaCl was used for analysis of toxicity.
The bacterial suspension was vortexed with each 1 ml from
stock solution 20 mg/l of silicon sources and the tubes were
then incubated at 37°C for 2 h. After the incubation period,
0.1 ml inoculum was pipetted and plated on nutrient agar
medium and the plates were incubated for 24 h at 37°C.
The toxicity was analysed by comparing viable number of
colony forming units (CFUs) on nutrient media (for
B. megaterium, B. brevis and P. fluorescens) and Ashby’s
(A. vinelandii) agar plates.

2.3 Soil preparation

Soil was collected for testing from agricultural land at
Tiruchengode, Namakkal district, India. The upper layer
of the soil (depth: 0–15 cm) was sieved using a square
hole sieve of 2 mm mesh to remove stones and other
residual materials [23]. To analyse the in vitro toxicity
of silicon sources on soil microbes, 30 g of soil was
taken in six individual plastic bags and then 100 ml of
sterile distilled water was added to each bag. Except for
the control, 100 mg of silicon sources was added to all
soil bags, mixed thoroughly and incubated for 30 days at
25°C.

2.3.1 Analysis of soil properties: The initial pH of the
soil before adding nanosilica and silicon sources was
analysed using benchtop pH meter (Orion 2-Star; Thermo
Scientific, USA), as described by Margesin and Schinner
[23]. Nanosilica and silicon sources were added to all soil
bags, except control, and were incubated for 30 days. After
incubation, pH was measured again and the results were
documented. The treated and untreated soil samples were
further analysed for available nitrogen [24], phosphorus
[25] and potassium [26] content.

2.3.2 Enumeration of viable soil microbes: After
incubation, 1 g of soil was taken from each of the bags and
diluted serially. This sample (0.1 ml) from 10−5 dilution
was taken and spread on nutrient agar plates in triplicates,
which were incubated at 37°C for 24 h followed by
counting the colonies using colony counter [27].

2.3.3 Turbidity measurement: To evaluate the effect of
silicon sources on bacterial propagation, we used the
turbidity method, in which 30 ml of nutrient broth was
mixed with different sources of silica and different
concentrations (0.01, 0.03, 0.05, 0.07 and 0.1 mg/l) of
nanosilica. The initial optical density was measured using
UV–vis spectrophotometer. One millilitre of soil inoculum
[23] was added to each broth, including the control (only
nutrient broth). The flasks were then incubated in a rotary
shaker at 200 rpm for 24 h at 37°C. After incubation,
turbidity was measured at 540 nm using the UV–vis
spectrophotometer.

2.3.4 Silica and protein estimation: After incubation,
the broths were centrifuged at 3000 rpm for 20 min at 4°C
to collect culture pellets. The obtained pellets were then
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washed three times with ultra-pure water, dried and used for
silica and protein estimations. Microbial pellet (2 mg) was
homogenised using 7 ml of 20 mM buffer (Barbitone)
maintaining pH 8.3 at 4°C. The homogenate was
centrifuged at 5000 rpm for 5 min at 4°C to separate cell
debris from intracellular contents. Silica content in the
supernatant was estimated using silica–molybdenum method
[28] and protein content was measured as described by
Lowry et al. [29].

2.4 Effect of silicon sources on maize seed
germination

Maize seeds were procured from M/s. Rasi Hybrid Seeds
(Attur, Tamil Nadu, India). Small plastic pots were prepared
containing sterile cotton dispersed with different sources of
silica at a constant concentration of 10 mg/l, in which
uniform dispersion of a solution was achieved. The seeds
were first surface-sterilised using 5% sodium hypochlorite

Fig. 1 Characteristic features of nanosilica particles

a XRD
b FTIR
c TEM image
d PSD
e EDX
f BET surface area plot
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followed by thorough wash in deionised water and were sown
in each pot. The pots were then kept under laboratory
condition to facilitate seed germination. After a week, the
seeds were observed for germination and percentage of seed
germination was calculated as per early reports [30].

2.5 Statistical analysis

Treatments in all the experiments were carried out in
triplicates and statistical analyses were performed. Mean
and standard deviations were calculated and the error bars
were defined in respective figures using Microsoft Office
Excel 2007 (Microsoft Corporation). Statistical software
SPSS version 16.0 was used to carry out statistical analysis.
The differences among control and treatment groups were
measured using one-way analysis of variance, followed by
pair-wise comparisons among groups using Tukey’s post
hoc test. The error bars are shown in respective figures and
mentioned the significant difference at P < 0.05.

3 Results

3.1 Nanosilica characterisation

Silica powder is produced and the nature of amorphous silica
powder is confirmed by XRD observed pattern at 20°–22° θ.
(Fig. 1a). The FTIR bands observed at 472, 1108 and 1644.4
cm−1 (Fig. 1b) are assigned, respectively, to Si–O bond
rocking, Si–O–Si stretching vibration and OH bonding.
These results confirm the presence of silanol group,
siloxane linkage and adsorbed water group, as found in

bulk silica. PSD confirms the average size of the powder to
be 50 nm as shown in Fig. 1d. Figs. 1c and e show,
respectively, TEM and EDX analyses of prepared powder.
The TEM image shows spherically dispersed particles
approximately at 50 nm and EDX analysis shows 99.9%
purity. Specific surface area of the prepared powder is
measured using multiple-point BET surface area analyser.
Specific surface area of nanosilica powder is 361 ± 6.05 m2/g
with an average pore diameter of 1.52 nm (Fig. 1f ).

3.2 Antibacterial activity

Nanosilica and other silicon sources do not show an
inhibitory effect on PGPR in contrast to sodium silicate
in disc-diffusion method [21]. It is evident from Table 1
that sodium silicate shows 15 ± 0.91 mm (B. megaterium),
14 ± 0.53 mm (B. brevis), 13 ± 0.26 mm (A. vinelandii) and
16 ± 0.65 mm (P. fluorescens) zones of inhibition.
Evaluation of toxicity, using spread plate method, shows

> 95% cell death of PGPR in sodium silicate (Fig. 2).
However, toxicity evaluation of other silicon sources does
not show significant change in viability of microbes,
whereas nanosilica accelerates the growth of microbes up
to >20% and micron silica up to 10% than control.

3.3 Soil biological properties

The initial and final pH measurements of soil show that
nanosilica and other silicon sources affected soil pH
minutely from initial day to 30th day. However, sodium
silicate highly influences soil pH and raises it by up to
9.4, making the soil more alkaline (Table 2). In
addition, the effect of silicon sources on soil N, P and
K content is compared with control (Table 2). After 30
days of incubation, the available N content (Table 2)
increases from 426 to 443 kg/ha, P content from 47 to
57 kg/ha and K content from 795 to 816 kg/ha in case
of nanosilica-incorporated soil when compared with
control.
The total soil bacterial population significantly increases

from 4 × 105 to 8 × 105 CFU per gram of soil for nanosilica.
Thus, the bacterial population is doubled in the presence of
nanosilica. However, a decrease in total CFU is observed in
the soil incorporated with sodium silicate, silicic acid and
TEOS (Fig. 3).
The observed turbidity reflects a significant increase in

microbial population in the order of nanosilica > micron
silica > control > TEOS > silicic acid > sodium silicate-
incorporated soil. The changes in turbidity because of
silicon sources are shown in Figs. 4a and b.

Table 1 Microbial susceptibility to different silicon sources

Microorganisms Zone of inhibition (Mean ± SD, mm)

Antibiotics Nanosilica Silicic acid Sodium silicate Micron silica TEOS

B. megaterium 23 ± 0.72a – – 14 ± 0.91 – –
B. brevis 27 ± 0.32a – – 13 ± 0.53c – –
A. vinelandii 24 ± 0.51b – – 14 ± 0.26 – –
P. fluorescens 15 ± 0.74b – – 15 ± 0.65c – –

aStreptomycin
bChloramphenical
cLevel of significance at P < 0.05

Fig. 2 Comparison of different silicon sources with nanosilica on
viable PGPR colonies

*Indicates significant variation in CFU at P < 0.05 level by Tukey’s test
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3.4 Silica and protein estimation

Silica estimation in biomass has clearly shown that the
adsorption and uptake of silica are high in
nanosilica-incorporated medium (Figs. 5a and b). The silica
concentration in biomass is in the order of nanosilica > silica
> silicic acid > TEOS > control > sodium silicate-incorporated
medium. The highest silica content of 0.8 µg/ml is observed
in nanosilica-incorporated medium whereas the lowest silica
content of 0.1 µg/ml is observed in sodium
silicate-incorporated medium. Protein content of 75 µg/ml is
recorded in nanosilica-incorporated medium, whereas it is

Fig. 4 Variations in bacterial population with respect to

a Different silicon sources
b Different concentrations of nanosilica
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Fig. 3 Comparison of different silicon sources with nanosilica on
total bacterial colonies in soil

*, **, ***Indicate corresponding significance in their homogeneous subset by
Tukey’s test at 5% level
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34 µg/ml in sodium silicate-incorporated medium. This is
evident from gradual increase in protein content with an
increase of nanosilica concentration in the medium (Figs. 5c
and d).

3.5 Effect of silicon sources on seed germination

After 7 days of incubation, maize seeds are observed for
germination (Table 3). Almost all the seeds are germinated
in the pot containing nanosilica, giving 100% seed
germination followed by control (95%), micron silica
(97%), TEOS (83%), silicic acid (73%) and sodium silicate
(5%).

4 Discussion

This investigation is designed for revealing the effects of
different silicon sources and nanosilica on PGPR, soil
properties and maize seed germination. PGPR in soil plays
a key role in maintaining soil fertility by recycling the
nutrient and promoting growth by acting as biofertiliser,
biostimulant and bioprotectant [19]. Hence, inducing the
growth of these beneficial bacteria may enhance the growth
of plants. The observed result shows that CFU is increased
in all silica-incorporated soil except sodium silicate, which
may be because of enhancement in bacterial populations. A
similar observation, that is, an enhancement in microbial
population by addition of silicon in soil, is well reported [9].
It is important to analyse the nature of soil by measuring its

pH value before any cropping. As an important parameter,
optimal pH facilitates microbial growth and improves soil

Fig. 5 Variations in silica and protein content of microorganisms

a Silica content with respect to treatment of different sources of silicon
b Silicon content with respect to concentrations of nanosilica
c Protein content against silicon sources
d Protein content against concentration of nanosilica
*, **, ***Indicate corresponding significance in their homogeneous subset by Tukey’s test at 5% level

Table 3 Percentage of seed germination with respect to silicon
sources

S. No. Silicon sources % seed germination after 5 days

1 control 95 ± 0.03
2 nanosilica 100 ± 0.04a

3 silicic acid 73 ± 0.02
4 sodium silicate 5 ± 0.04a

5 micron silica 97 ± 0.02
6 TEOS 83 ± 0.01

aLevel of significance at P < 0.05

Fig. 6 Possible reaction mechanisms of sodium silicate and
nanosilica in soil
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nutrient value. Depending on the requirement, we can use
fertilisers for better growth and yield, provided the pH of
the soil is not affected. It is well known [31, 32] that if the
pH is in the extreme (alkaline or acidic), microbial
population will be affected, which in turn affects soil
nutrient value. pH is an important biomarker for
growth-based measurements in bacteria, fungi and soil
nutritional value [33–35]. This study shows that sodium
silicate increases soil pH, thus making it more alkaline.
When sodium silicate reacts with surface moisture, it forms
two molecules of sodium oxide (alkaline) and two
molecules of silicic acid, as shown in Fig. 6. At alkaline
conditions (pH 9.9), bacterial communities are depleted,
thus indirectly affecting fertility (N, P, and K) of the soil.
The depletion of bacteria may be because of stress induced
with variation in pH. Nanosilica and other silicon sources
do not affect soil pH much, thus maintaining optimal pH
for bacterial growth. The availability of other silicon
sources may increase available nitrogen, phosphorus and
potassium (NPK) value to some extent, which is not
comparable with nanosilica. Thus, the incorporation of
nanosilica into soil enhances soil NPK values. In contrast, a
reduction in available NPK content is observed in soil
incorporated with sodium silicate.
Nanosilica and micron silica show slight decrease in pH as

both are slightly soluble in water at ppm range, which are
converted to silicon colloids because of hydrogen bonding
[36], making them biologically active molecules, whereas
silicic acid is ionic and reacts in a similar manner to sodium
silicate in soil. Hydrated (silicic acid) silica is formed
because of nanosilica through binding of Si–O to water
molecules and hence reduces pH. The reaction can be
understood in the context of Derjaguin–Landau–Verwey–
Overbeek theory of interaction of size-dependent contact
property, which is dependent mainly on zeta potential and
contact angle properties of the reactant [37]. TEOS is an
organic silicon source that does not interfere much with pH
of the soil.
In our study, sodium silicate is found to be toxic to bacteria

and seeds. However, nanosilica and other silicon sources do
not affect PGPR population. It is also evident from the
experiments that nanosilica-mixed culture medium triggers
bacterial growth in contrast to sodium silicate. A number of
bacteria, actinomycetes and fungi are able to grow on
nutrient-free silica gel and distilled water [38]. According to
a study [9], silicic acid increases the number of both
aerobic and facultative anaerobic bacteria in ultra-pure
water incubated under strict oligotrophic conditions. In
addition, it is found that organisms use silica through
silicification, a process by which silica is utilised and
deposited by bacteria [39], and also that silicon-based
compounds stimulate the population of oligotrophic bacteria
in soil [40] supports the present finding.
The microbial population increases with an increase in

concentration of nanosilica. The results of our study show
that silica content in biomass increases with an increase in
the concentration of nanosilica. The reason behind the
interaction between nanosilica and bacteria may be
hydration property of nanosilica surface, which could
facilitate the attraction of silica on the microbial surface
[41]. The earlier study [42] shows that Si is deposited in
spore coat layers of nanometre-sized particles in B. cereus
and thus enhances acid resistance. Novel acid resistance is
also observed in other Bacillus strains, representing a
general adaptation to survive under acidic conditions. It is
also found that the cell wall of B. subtilis consists of either

teichoic or teichuronic acid, which binds with silicon
dioxide because of the induction of negative charge by the
cell [43].
It is reported that the bacteria use silica from soil and hence,

there is a decrease in silica content in the soil [9]. It is also
being found that silica stimulated bacterial growth at
different concentrations in broth because of interaction on
bacterial cells [44]. The results of this investigation also
show a positive correlation between silica uptake and
protein content. It is well known that protein plays a key
role in absorption mechanism of silica by bacteria [45]. In
addition, silica-induced protein acts as ATP-binding cassette
(ABC) transporter in Thermus thermophilus. In a similar
study on sponges and algae, expression of proteins such as
silicateins and silaffin is observed [46, 47], which supports
the present observations.
Germination of maize seeds is promoted in the presence of

nanosilica and other silicon sources. However, a sodium
silicate-incorporated seed does not germinate and becomes
green. It is due to alkaline nature of sodium silicate in
water. Other silica source does not alter the pH of the
solution and hence, leads to better germination. However,
previous studies on metal oxide nanoparticles like TiO2 and
ZnO show negative effects on plant seeds by decreasing the
germination rate [30, 48]. Thus, the result of this present
study highlights the beneficial properties of nanosilica
towards soil bacteria and maize seed germination.

5 Conclusions

It is evident from this study that nanosilica is not toxic to soil
bacterial community when compared with other silicon
sources. Nanosilica triggers the growth of PGPR and increases
total soil bacterial population in addition to maintaining soil
pH, enhancing soil nutrient values and promoting maize seed
germination. Thus, nanosilica can be included for fertiliser
formulations to make the soil more fertile and to improve
beneficial soil bacterial community for better yield of crops.
To conclude, the outcome of this investigation may widen
research scope for use of nanosilica in agriculture.
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