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Abstract The present study aims to explore the

effect of high surface area (360.85 m2 g-1) silica

nanoparticles (SNPs) (20–40 nm) extracted from rice

husk on the physiological and anatomical changes

during maize growth in sandy loam soil at four

concentrations (5–20 kg ha-1) in comparison with

bulk silica (15–20 kg ha-1). The plant responses to

nano and bulk silica treatments were analyzed in terms

of growth characteristics, phyto compounds such as

total protein, chlorophyll, and other organic com-

pounds (gas chromatography–mass spectroscopy),

and silica accumulation (high-resolution scanning

electron microscopy). Growth characteristics were

much influenced with increasing concentration of

SNPs up to 15 kg ha-1 whereas at 20 kg ha-1, no

significant increments were noticed. Silica accumula-

tion in leaves was high at 10 and 15 kg ha-1 (0.57 and

0.82 %) concentrations of SNPs. The observed phys-

iological changes show that the expression of organic

compounds such as proteins, chlorophyll, and phenols

favored to maize treated with nanosilica especially at

15 kg ha-1 compared with bulk silica and control.

Nanoscale silica regimes at 15 kg ha-1 has a positive

response of maize than bulk silica which help to

improve the sustainable farming of maize crop as an

alternative source of silica fertilizer.

Keywords Nanosilica � Bulk silica � Maize � Silica

accumulation � Physiological parameters

Introduction

The properties of nanomaterials and their potential

applications are increasing in various fields, especially

agricultural biotechnology. Transport of certain nano-

particles is involved in a potential pathway of plants

for beneficial outcome. Currently, many metal oxide

nanoparticles and carbon-based materials are being

screened for phyto toxicity as well as environmental

toxicity (Dimkpa et al. 2012; Mondal et al. 2011;

Monica and Cremonini 2009). However, the investi-

gations on behavior of nanometal oxides such as

nanosilica in plants and the mechanism of interaction,

its influence, and agricultural application are still

under rudimentary stage (Debnath et al. 2011; Ghor-

made et al. 2011). Generally, the ameliorative effect of

bulk SiO2 sources varies genotypically among plant

species (Kulikova and Lux 2010) and hence, we focus

to examine the effect of nanosilica accumulation and

its influence on maize physiology and metabolic
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defense compounds. Maize (Zea mays. L) ranks third

in global cereal production and considered as an

essential food crop (Mahmood et al. 2005).

Previous studies on the effect of silica nanoparticles

(SNPs) in maize reveal improved growth parameters

and increased seed stability (Yuvakkumar et al. 2011;

Suriyaprabha et al. 2012) but the effect of SNPs on

maize physiological components and silica distribu-

tion in roots and shoots is essential to gain the detailed

functional properties of mineral fertilizers. Determi-

nation of essential regulatory and defense compounds

in maize such as protein and phenols is necessary to

ascertain the biotic and abiotic stress tolerance mech-

anisms adapted through silica fertilization. Conse-

quently, the above-mentioned nanoparticles-mediated

alleviation of abiotic stress may substantially contrib-

ute to the adaptation of maize (Miao et al. 2010).

The purpose of the application of SNPs for plant

growth improvement is that silicon (Si) is an agro-

nomically important nutrient that accumulated in

plants to total concentrations of dry matter similar to

other essential macronutrients. Si deficiency causes

imbalances of other nutrients resulting in poor growth,

if not death of the plant (Epstein 1999; Savant et al.

1999; Rafi et al. 1997). Si also has an active role in the

biochemical functions of a plant and may be important

in the intracellular synthesis of organic compounds

(Matichenkov and Bocharnikova 2001; Mitani and Ma

2005). As amorphous silica particles are widely

known to have biocompatibility, application of amor-

phous nanosilica for food crops is feasible to over-

come silica deficiency in soil as well as in plants.

During the application of silica fertilization for

plant growth enhancement, the availability of silica

source that is economical with increased functional

properties for fertilizer applications is currently a

demand task. Previous studies of Si application to

maize plants have revealed that leaf transpiration rates

under water stress, antioxidant processes, and Si

deposition are improved (Kaya et al. 2006; Gao et al.

2006). Numerous laboratory, greenhouse, and field

experiments have shown the benefits of silicon

fertilizers for crops and the importance of silicon

fertilizers as a component in sustainable agriculture

(Liang et al. 2007; Matichenkov et al. 1999; Lux et al.

1999). However, to benefit from SiO2, the plant must

be able to acquire this element in high concentrations.

Approximate requirements of bulk silica for the

cultivation of monocots as soil amendment are in the

range of 1–100 kg ha-1 (Matichenkov and Bochar-

nikova 2001). Moreover, the degree of Si solubility

from siliceous materials depends on particle size and

chemical compositions. The silicon transport using

metal salts of silicic acid needs their hydrolysis before

their uptake, which affects ionic balance of the soil and

plant system (Ranganathan et al. 2006).

In order to unravel the role of SNPs, it is preferable

to study the physiological changes of maize cultivars

differing in nanosilica absorption. The focus of this

study is to examine the effects of nanosilica on SiO2

uptake and deposition, to reveal any patterns of

discrimination among maize growth characteristics

and biochemical changes such as metabolic com-

pounds (content of protein, chlorophyll, and phenols),

and to evaluate the elemental distribution in plant.

Materials and methods

Synthesis and characterization of nanosilica

Nanosilica was extracted from natural source using

rice husk ash by acid precipitation followed by alkali

extraction method (Kalapathy et al. 2000). The pH was

adjusted in such a way to attain the precipitate of silica

and then, it was thoroughly washed with double-

distilled water to remove the impurities. Finally, the

pure silica powder was collected after calcination at

450 �C for 2 h. Synthesized powders were subjected

to various characterization studies for identification of

their structure and morphology. X-ray diffractometer

(XRD) (X’ Pert Pro, PANalytical, Netherland) using

Cu Ka (k = 1.5406 Å) as a radiation source over the

2h range of 10�–80� at 293 K was employed to explore

the crystalline nature of silica nanoparticles. The

peaks of silica functional groups from Fourier trans-

form infrared spectra (FTIR) have been obtained in the

wavenumber region of 4,000–400 cm-1 using FTIR

spectrometer (Spectrum 100, PerkinElmer, USA). The

morphology and elemental composition of nanosilica

was studied by scanning electron microscopy coupled

with energy dispersive X-ray analysis (SEM-EDAX)

(JEOL JSM-6390LV, Japan). Particle size analysis

(Nanophox, Sympatec, Germany) of dispersed silica

nanoparticles was done to derive particle size distri-

bution curve. Silica nanoparticles were observed

for its morphology and size by transmission elec-

tron microscopy (TEM) (CM 200, Philips, USA).
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The specific surface area of the prepared silica

nanoparticles was analyzed using BET surface area

analyzer (Autosorb AS-1MP, Quantachrome, USA).

The physisorption analysis was done with N2 adsorp-

tion–desorption measurements at liquid nitrogen tem-

perature (-196 �C). The total pore volume and average

pore diameter were calculated according to the Barret–

Joyner–Halenda method (Barrett et al. 1951).

Soil amendment with nanosilica and maize culture

Nanosilica was compared with commercial silica

(SiO2, MW 60.08, 40–150 mesh) for field study. The

required greenhouse field was prepared in the area of

15 9 10 m of each plots containing sandy loam soil

(pH 7.0 ± 0.5) in the agriculture land at Tirucheng-

ode, Tamil Nadu, India. Experimental plots were

prepared by adding nanosilica at the concentrations of

5, 10, 15, and 20 kg ha-1 (hereafter termed, respec-

tively, as N5, N10, N15, and N20), bulk silica at 15

and 20 kg ha-1 (hereafter termed, respectively, as

B15 and B20), and control (without silica source).

Then, the plots were thoroughly plowed to spread the

particles. Maize seeds (Zea mays L., TIP TOP)

collected from M/s. Rasi seeds Pvt. Ltd, Attur, India,

were washed twice with distilled water. Triplicate plot

was prepared and then, 25 maize seeds were sown in

each plot at a seed interval of 30 cm and appropriate

temperature and humidity were maintained.

Growth characteristics

After the seedlings were grown in the four regimes of

nanosilica and bulk silica amended soil, the changes in

physiological parameters were observed. During this

study, the seed germination percentage of each

treatment plot was evaluated. Further, the growth

characteristics were measured in terms of stem height,

number of shoots and roots, stem diameter, root

length, and leaf area (third leaf) after 20 and 40 days of

maize growth by collecting samples in a randomized

block design.

Protein, chlorophyll, and phenol determination

The total protein content of 20-day-old maize leaves

was determined according to Bradford method using

bovine serum albumin as the standard (Bradford

1976). Chlorophyll was extracted with 80 % acetone

and the ratio of chlorophyll a to chlorophyll b in the

leaf samples was determined spectrophotometrically

(U-2900; Hitachi, Japan) (Arnon 1949). Total pheno-

lic contents in maize leaves were extracted and

estimated according to the method described by

Wakabayashi et al. (1997).

Analysis of elemental compositions

Root and leaf samples were carefully collected after

20 days of maize growth and dried in a hot air oven at

100 �C for 48 h. Then, the samples were burnt in high-

temperature muffle furnace at 800 �C for 4 h. The ash

obtained from the samples was further used to estimate

the total dry weight percentage, silica content (Wei-

min et al. 2005), and elemental analysis using X-ray

fluorescence spectrometer (XRF, EDX-720; Shima-

dzu, Japan). The differences in Si composition of

maize leaf under the nanosilica treatments were also

determined in terms of the occurrence of silica

functional groups using FTIR.

Gas chromatography–mass spectroscopy

(GC–MS) analysis

Shade-dried maize leaves (20 days old) were

extracted by methanolic extraction and analyzed by

gas chromatography–mass spectroscopy (Thermo

GC-Trace Ultra Ver. 5.0; Thermo Scientific MS

DSQ II). The GC silica column dimension was

30 m 9 0.25 mm at a flow rate of 1 mL min-1 at

80 �C and then, the temperature was raised to 240 �C.

The volatile compounds present in the control, nano

silica and bulk silica treated samples were identified

by comparing with the standards or the mass spectrum

matched with the inbuilt library (Wiley 9).

Microscopy and X-ray analysis

High-resolution scanning electron microscope (HR-

SEM) equipped with EDAX (FEI Quanta FEG 200,

The Netherlands) was used for Si accumulation studies.

The third leaves of maize were cut to 15 mm in length

and leaf blades were examined at an accelerating

voltage of 30 kV in a 9 mm working distance with a

live detection period of 100 s. For quantification of all

samples, 7003 magnifications were chosen and the

elemental wt% was calculated using ZAF program of

the EDAX system. In root anatomical studies, samples
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of 15-days-old maize roots about 1 mm long were cut

at a distance of 10 cm from the apex and the segments

were immediately fixed in a formaldehyde solution

(40 %) for 24 h. Root sections were cut as thin layer

transversely and stained with safranin solution for

1 min and then, mounted on 50 % glycerin. Internal

root structures were observed under optical microscope

(2003) for anatomical variations.

Fig. 1 Characterization results of the prepared silica powders a XRD, b FTIR c SEM, d EDAX, e PSD, and f TEM
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Statistical analysis

Significant differences in the growth characteristics,

total dry weight, content of silica, chlorophyll, and

protein due to different concentrations of nanosilica,

bulk silica, and control samples of maize were

analyzed following one-way analysis of variance.

Then, means were compared by Duncan and Tukey’s

test with the statistical software SPSS version 16.0. All

statistical tests were screened for significant variations

at the 5 % level (p \ 0.05).

Results

The synthesized nanosilica is characterized for its

morphology and functional groups. It is confirmed as

nanometer in size with reference to earlier studies

(Hodson and Evans 1995). The extracted white

hydrous silica precipitate from rice husk ash is formed

at pH 4. The prepared silica particles are structurally

and morphologically characterized for its purity,

functional groups, and particle. XRD patterns of the

prepared silica nanoparticles are amorphous in nature

which is confirmed by the observed broad peak at 22�
(2h) (Fig. 1a). FTIR results (Fig. 1b) show that the

presence of characteristic peak in the absorption

spectra at 1,096 and 451 cm-1 corresponds to Si–O–

Si and Si–O functional groups. From SEM results

(Fig. 1c), the silica nanoparticles are found as aggre-

gates with spherical morphology and EDAX results

(Fig. 1d) show 97 % purity of silica with negligible

zinc contamination. From particle size distribution

study and TEM image analysis, it can be concluded

that the particle size of silica particles are in the range

of 20–40 nm with spherical morphology (Fig. 1e, f).

The selected area electron diffraction (SAED) pattern

of TEM image shows an amorphous nature. The

obtained surface area for the prepared silica particles is

found to have high surface area of 360.85 m2 g-1

(Fig. 2). The total pore volume and average pore

diameter is observed to be 0.8479 cc g-1 and 9.3 nm,

respectively.

Growth characteristics

Changes in maize growth parameters such as seed

germination percentage, number of shoots and roots,

stem diameter, stem height, root length, and leaf area of

20 and 40 days old plants at varying concentrations of

nanosilica and bulk silica are presented in Tables 1

and 2. It is inferred from the observed results that the

growth parameters are enhanced in maize with the

increasing concentration of nanosilica up to 20 days.

But lateral roots and root length are observed to be

increased due to nanosilica fertilization. After 20 days,

the growth characteristics of maize remains the same in

all treated plots including micro silica treatments

(Table 1) and plant does not show substantial incre-

ment with an increasing concentration of silica sources

in the growth characteristics as the mentioned param-

eters especially stem height and leaf area have not

differed significantly with each other (Table 2).

Total soluble silica and chlorophyll content

While estimating the total leaf silica content based on

the formation of silicomolybdenum blue complex,

increase in silica content with respect to concentration

of nanosilica was observed (Table 3). N15 and N20

possess higher silica content (17.83 ± 1.29 and

12.55 ± 1.04 lg mL-1) than any other concentra-

tions including bulk silica (2.50 and 1.85 lg mL-1).

Leaf samples collected from experimental plots

(20 days) reveal the gradual increase in chlorophyll

a and b content according to the concentration gradient

of nanosilica (Table 3) in contrast to bulk counterpart

(0.012 and 0.03 lg mL-1) of 20-days-old samples of

maize leaves. Moreover, higher chlorophyll content is

achieved at N15 and N20 (0.045 and 0.047 lg mL-1,

respectively) than other regimes of silica treatments.

Fig. 2 BET plot of the prepared silica nanoparticles
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Dry weight, protein, and phenol determination

Changes in total maize dry weight percentage (%) and

essential plant biochemical components such as con-

tent of protein and total phenols at 20-day-old maize

roots and leaves are presented in Table 4. Root wt% is

found to be high at N15 (24.29 ± 0.4 %) and low at

N20 in maize than bulk silica (5.67 %) and control

(7.73 %). The higher dry weight percentage in roots

reflects the increased accumulation of silica in leaf

bundle sheath. Influence of silica regimes on the

content of total protein and phenol of all the treatment

samples are shown in Table 4. Protein content is

linearly accelerated according to the concentrations of

nanosilica especially at N15 (29.08 mg g-1) with

negligible differences in total quantity among all

Table 1 Effect of nanosilica on growth parameters in maize after 20 days of growth

Growth

characteristics

Germination

(%)

Root

(nos.)

Root length

(cm)

Shoots

(nos.)

Stem height

(cm)

Stem diameter

(cm)

Leaf area

(cm2 plant-1)

Control 97 11 11 4 13.3 0.8 114.7 ± 2.8

N5 97 20 12 5 14.5 1.1 128 ± 4.1

N10 97.3 11 10.5 5 16.5 1.1 162 ± 6.4

N15 98 18 18 6 19 1.4 260 ± 10.12

N20 98 24 19 7 52 1.6 322 ± 10.26

B15 97 12 9 5 15.5 1 117.6 ± 4.5

B20 97.5 11 7.5 5 18 1.2 180.4 ± 5.9

*LSD0.05 0.0 0.0 0.0 0.0 0.0 0.0 –

*Least significant difference (LSD) at 5 % level

Table 2 Effect of nanosilica on growth parameters in maize after 40 days of growth

Growth

characteristics

Root

(nos.)

Root length

(cm)

Shoots

(nos.)

Stem height

(cm)

Stem diameter

(cm)

Leaf area

(cm2 plant-1)

Control 20 18 7 61 1.9 164.3 ± 5.4

N5 22 15 7 74 2.4 294.8 ± 11.3

N10 18 18 11 82 2.9 368.8 ± 21.7

N15 20 12 12 81 3.2 360 ± 21.8

N20 16 20 12 79 3.3 375.1 ± 20.1

B15 10 12 7 62 0.9 199.2 ± 5.4

B20 4 12 11 65 2.4 290 ± 11.62

LSD0.05 0.001 0.0 0.0 0.0 0.0 –

Table 3 Variations in total

silica content and

chlorophyll (a and

b) content in maize leave

samples amended with

nanosilica

Values within a column

followed by single letters

(a, b) show significant

varietal difference by

Duncan’s test and least

significant difference (LSD)

at 5 % level

Sample Silica content

(lg mL-1)

Chlorophyll a
(lg mL-1)

Chlorophyll b
(lg mL-1)

Chlorophyll

a to b ratio

Control 2.00 ± 0.52 0.017 0.01 1.647

N5 3.00 ± 0.41 0.01 0.007 1.581

N10 5.75b ± 0.83 0.024 0.01 2.311

N15 17.83a ± 1.29 0.045 0.043 1.049

N20 12.55a ± 1.04 0.047a 0.042 1.121

B15 2.50 ± 0.61 0.012 0.007 1.598

B20 1.85 ± 0.57 0.03 0.02 1.493

LSD0.05 0.006 0.003 0.0
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treatments. Total phenol content of 20-days-old maize

leaves are drastically reduced at N15 (0.06 lg mL-1)

even though irregular modulations occur with other

regimes of silica treatments especially higher concen-

tration at B20 (0.43 lg mL-1).

Nutrient variations

Elemental studies on dry leaf ash of maize reflect the

nutritional alleviation exerted by nanosilica in com-

parison with bulk silica sources (Table 5). SiO2

content of the leaves also varies with the increasing

silica regimes. SiO2 accumulation in plant is not

significant with the concentration including control

samples except at N15 where SiO2 content is 19.18 %

(Table 5). An FTIR spectrum of leaf ashes for the

occurrence of corresponding silica functional groups

(Si–O–Si, Si–OH, and Si–O, respectively, at 1,087,

693, and 463 cm-1) are confirmed in all the samples

with varying intensity (Fig. 3).

Table 4 Influence of

nanosilica on dry weight

percentage and contents of

total protein and phenol in

maize roots and shoots

Values within a column

followed by combining the

letters (ab, bc) show

significant varietal

difference and single letters

indicates non significance

by Duncan’s test and least

significant difference (LSD)

at 5 % level

Sample Dry weight (%) Protein content

(mg g-1)

Phenol content

(lg mL-1)

Root Shoot Shoot Shoot

Control 7.73bc ± 0.04 5.05a ± 0.03 25.28 0.364

N5 4.4a ± 0.13 6.61a ± 0.18 27.31 0.192

N10 8.77bc ± 0.05 33.96ab ± 1.42 27.53 0.202

N15 24.29ab ± 0.4 21.52ab ± 0.27 29.08 0.06

N20 5.89a ± 0.01 27.68ab ± 0.34 27.09 0.422

B15 5.67a ± 0.11 4.78a ± 0.29 26.77 0.323

B20 11.67ab ± 0.35 9.49ab ± 0.38 27.08 0.43

LSD0.05 – – 0.0 0.05

Table 5 Elemental

compositions of leaf ash

samples treated with

nanosilica

Analyte (%) Control N5 N10 N15 N20 B15 B20

K2O 90.35 87.10 87.35 77.39 89.05 91.35 91.01

SiO2 4.93 8.42 8.02 19.18 7.66 4.39 1.30

Fe2O3 0.28 0.49 0.31 0.31 0.43 0.16 0.30

SO3 0.22 0.48 0.50 0.31 0.48 0.13 0.46

MnO 0.13 0.30 0.20 0.22 0.19 0.10 0.17

CuO 0.05 0.11 0.08 0.06 0.09 0.03 0.07

P2O5 4.01 3.01 3.52 2.49 2.05 3.34 5.68

ZnO 0.03 0.02 0.04 0.04 0.05 0.02 0.04

Fig. 3 Occurrence of silica functional groups in terms of

transmittance of treated maize leaf samples

J Nanopart Res (2012) 14:1294 Page 7 of 14

123



Fig. 4 GC–MS chromatogram of maize leaf extract with respect to silica treatments
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Variations in organic compounds

The modulations in total organic compounds accord-

ing to the treatments of nanosilica and bulk silica are

elucidated from GC–MS results. A relative abundance

of volatile compounds in maize leaf extract with

respect to the retention time is presented in chromato-

graph (Fig. 4). Area percentage (%) of aldehydes,

ketones, alkanes, alcohols, acid–esters, and ethers of

the bulk and nanosilica-treated leave samples is

evaluated using Wiley library 9 and their abundance

is plotted in Fig. 5. Specific stress-tolerant mecha-

nisms in the plant are reflected by the abundance of the

phenolic compounds in the leaf extract.

Si accumulation in leaves and roots

HR-SEM results exhibited the accumulation pattern of

siliceous compounds in leaves and EDXS results

reveal the total elemental composition of tested leaves

(Fig. 6). The elemental variations of leaves are shown

as a table inset in appropriate EDAX images. The third

leaf of the maize plants is screened for the variations in

the quantity of silica deposition. Interestingly, SEM

images at N10 and N15 show wider deposition of

silica, which is confirmed through the reflection of

silica and corresponding balance in total elemental

composition (Fig. 6c, d). From the histological studies

of maize roots amended with nano and micro silica

treatments (Fig. 7), number of epidermis cells and cell

wall extensibility in roots are not influenced with

nanosilica treatments. But the cell walls are found to

be thick and silica bodies appeared as thick spots

(indicated in arrow marks) in maize roots amended

with SNPs which shows higher Si accumulation

compared to bulk and control.

Discussion

Characterization results show that high surface,

amorphous nature of silica nanoparticles with porous

structure can be proposed as an alternative to bulk

silica sources for agricultural applications. Thus,

maize plots amended with different concentration of

nanosilica and bulk silica are assessed for their

discriminations in growth and physiological compo-

nents. The effect of nanoscale silica particles on the

growth and biochemical changes in different concen-

trations are necessary to evaluate the choice of optimal

concentration for soil application.

Experimental maize plots containing four regimes

of nanosilica and bulk silica, including control are

analyzed for both morphological and physiological

discriminations as a function of growth characteristics,

plant metabolic compounds, nutrient content, and

silica accumulation. Germination percentage of seeds

is not affected by any of the plots tested and non-

significant differences during germination among the

samples are observed. The gradual increase in growth

parameters with respect to nanosilica regime provides

enlarged leaf area that promotes photosynthetic activ-

ity. However, number of shoots and roots do not show

considerable variations. After 20 days, plant growth

stage starts to stationary phase and hence, role of silica

are not influenced at this stage. As silicon is being a

nutrient anomaly (Epstein 1999), nanoscale silica is

also not involved to contribute nutritive value in

enhancing growth parameters rather than conferring

physical strength. Similarly, the effect of nano Si on

growth characteristics of tomato was studied under

salinity levels and has delivered promising results in

salt tolerance (Haghighi et al. 2012).

The Si in the plant tissue can be solubilized and

indirectly measured in the extracted solution.

Increased silica content in nanosilica treatments

among other sources reflects the uptake of silica

sources from soil. However, the actual action of nano

metal/metal oxides on chloroplasts and phyto com-

pounds in plants is not well ascertained (Dimkpa et al.

2012; Mahmood et al. 2005; Kidd et al. 2001) but the

nanosilica increases silicon accumulation and pro-

vides erected leaves which stimulate the factors that

Fig. 5 Total area percentage of organic compounds in maize

leaf extract of silica treatments
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Fig. 6 Distribution of silica

in maize leaves shown in

HR-SEM images coupled

with EDXS. Scale bar
50 lm (9700)
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involved in the synthesis of chlorophyll at an optimal

regimes of silica accumulation. The acceleration may

be due to increased leaf area that renders better light

absorption and photosynthetic activity of chlorophyll

a and b. Shoot dry weight (27.68 ± 0.34 %) at N20 is

less among the four concentrations of SNPs. In bulk

treatment, there is a less dry weight (4.78 and 9.49 %).

While comparing the total dry weight of shoots and

roots, roots show lesser in dry wt%. This reduction is

correlated with the observation of Hossain et al. (2002)

that transition of excess SiO2 to older leaves is also

included in total shoot dry weight. Rather, it did not

happen in root absorption.

The increased protein content with the regimes of

nanosilica and bulk silica may be attributed to the

existence of metabolic balance between induction of

proteins such as cell wall transporters and damping off

stress-responsive enzyme activities as a function of

nanoscale fertilization in maize. Increased phenolic

contents in low silica plants are correlated with

previous results obtained on Si-deprived plants. The

results reveal that the observed silicification may be

Fig. 6 continued
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substituted by the production of structural phenolic

compounds (Carver et al. 1998). In addition, low

phenolic content at N15 (0.06 lg mL-1) may reflect

the induction of stress tolerance mechanism in maize.

X-ray fluorescence is a direct method of elemental

analysis used on oven-dried plant matter. Alleviation of

K and P contents has occurred due to increased SiO2

deposition. Role of silica in ameliorating P and K

contents are explained in earlier reports (Miao et al.

2010; Yang et al. 2008) and the same is enhanced by

nanosilica than bulk silica. Hence, the accumulation of

silica and other elements in maize shoots varies greatly.

However, the extent of SiO2 deposition in maize leaves

is found to be maximum at N15. In bulk silica sources,

the content of silica is the same as that of control sample

(4.4 %). This may be due to increased particle size

(micron size) which is unable to be utilized by plant.

Other regimes of nanosilica expressed no significant

differences among treatment that they greatly vary

from that of bulk sources (1–4 %) as well as control.

Therefore, maize Si uptake seems to be promoted at the

concentration 15 kg ha-1 from soil. In bulk silica

treatment, the occurrence of silica content during XRF

and silica estimation is irregular i.e., high in B15 over

B20 with an increasing concentration. These results

justify that the corn variety is amenable to SiO2

fertilization not above 15 kg ha-1 for the cultivation.

An FTIR spectrum of treated samples implies the

gradient of silica accumulation in plants to substantiate

the uptake of nanoscale silica by plant. This infers that

the occurrence of possible silica functional group is

similar in all treatments.

Total organic compounds, such as phenols, alde-

hydes, ketones, etc., are found to be reduced in maize

leaves grown in nanosilica amended soil. The expres-

sion of such compounds is responded more in leaf

extract of control as well as in bulk silica. From Fig. 5,

it is noticed that other organic compounds are not

varied considerably. These results are correlated with

the study on the protective mechanism of silicon in rice

through phenols (Goto et al. 2003). The difference in

the optimal usage of SiO2 by species and organs is due

to differences in the endogenous levels of Si in the plant

and developmental stage (Hodson and Evans 1995).

Hence, it is necessary to clarify the accumulation of

silica in roots and leaves through microscopic studies.

The increased SiO2 accumulation in nanosilica

(N10 and N15) treatment helps to avoid water lodging

of roots and leaves (Lux et al. 1999). Decrease in silica

content during microscopic observation at N20 may be

due to the transition of silica to the older leaf blades

when abundant Si is absorbed (Hossain et al. 2002).

This observation is also substantiated from total dry

weight of plant as mentioned elsewhere in this

investigation. In contrast to the observation under

HRSEM-EDAX study, SiO2 accumulation in bulk

silica decreases with an increase in the concentration

of Si content (Table 3, 5). This is may be due to the

nature of samples i.e., the samples chosen for

elemental composition and silica estimations are

20-day-old leaf ashes including both young and

senescence leaves whereas the third leaf of maize is

chosen for electron microscopic observation. Hence,

the uptake of bulk silica is found to be less and

irregular with an employed studies for silica content in

this present investigation. Higher accumulation in

maize roots is that Si is deposited primarily in the

epidermal tissues of roots and leaves in the form of a

Fig. 7 Microphotograph of maize roots grown in soil amended with a control, b nanosilica, and c bulk silica
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silica bodies called phytoliths. Hence, nanosilica

promotes the induced thickness of epidermal silicon–

cellulose layer that supports the mechanical stability

of plants thereby resisting lodging (Savant et al. 1999).

Moreover, the reflectability of SEM images is in line

with the optical microscopic studies. When nanosilica

enhances the Si uptake into cells, the dry weight of

cells also increases in parallel with the SiO2 concen-

tration. Thus, Si deposition is linked with the cell wall

composition and it can enhance the thickening of the

root epidermis than the control plants, which is in

agreement with previous reports of bulk silica appli-

cation studies (Hossain et al. 2002). In contrast, uptake

of other nanomaterials like CNTs by root cells is not

significant (Mondal et al. 2011). By investigating the

responses of maize growth and physiological compo-

nents to nanosilica regimes in comparison with bulk

silica by appropriate methodologies, the concentration

of 15 kg ha-1 shows an augmented silica accumula-

tion and physiological characteristics.

Conclusions

Silica nanoparticles with high surface area synthesized

by economic method are employed for the growth of

maize as an alternative source for bulk silica fertiliz-

ers. Physiological transformations that are due to

nanosilica fertilization considerably enhance the

growth characteristics and expression of essential

biochemical components in maize than bulk silica.

N15 and N20 show the progressive growth character-

istics and silica accumulation even though N20 has

less phenol content. In fact, elemental analysis and dry

weight studies confirm that the quantity of silica

accumulation in maize leave samples is higher at N15

than any other treatments. Influence of nanosilica on

the regulation of phyto compounds such as proteins

and phenols also favored maize. The application of

nanoscale fertilizers is found to be superior than bulk

silica as soil amendment. Hence, there is a possibility

that the nanosilica at 15 kg ha-1 may render the

optimal regime for improved growth during field

application. Promoted Si accumulation in maize roots

is believed to contribute drought tolerance and so

the present study helps to choose the optimal concen-

tration of nanosilica application to maize crop for

better yield.
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