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Nanostructured amorphous silica in rice plants (biosilica or plant opal) plays an important role in plant

growth related to food production. However, the same silica has a structural supporting role as well that

has not been uncovered. The current study focuses on the structural design of the two main types of

biosilicas in rice plants for the improvement of their mechanical properties. One structural motif is plate-

like silicas, which cover most of the surfaces of leaf blades. Another is fan-shaped silicas, which are

aligned inside leaf blades, providing a stiff backbone. These biosilica structures consist of 10–100 nm

diameter nanoparticles. The mechanical properties, such as hardness and Young's modulus, of the

biosilicas are associated with their relative density. Thus, the rice plant mechanics is inferred to be

designed by changing the packing of the nanoparticles. Silica plates consisting of loosely packed

particles have relatively low density and high flexibility enabling coverage of leaf blade surfaces, while

fan-shaped silicas, which consist of tightly packed nanoparticles, are rigid to support the leaf blades as

a backbone.
1. Introduction

In nature, organisms produce various kinds of materials with
precisely controlled in morphologies and a limited selection of
elements under ambient conditions.1 The resulting materials
demonstrate remarkable properties, with some outperforming
synthetic materials.2–5 Amorphous silica (SiO2) is widely used in
industry and is one of the essential biominerals that can be
produced by organisms. Biogenic amorphous silicas (biosilicas)
are widely observed in diatoms,6–10 marine sponges,11–20 and
some higher plants.21–30 Although the production of synthetic
silica requires signicant amounts of energy, biosilicas are
produced under ambient temperatures and pressures in
aqueous systems near a neutral pH using organic molecules,
such as silaffin,9,10,31 silicatein,20,32,33 collagen,34 and long-chain
polyamines.35,36 In addition, silica frustules of diatoms and
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silica skeletons of marine sponges have hierarchical architec-
tures controlled from the nano- to macroscale.8,10,12,13 Moreover,
biosilicas are known to provide excellent optical and mechan-
ical properties. For instance, the spicules from a marine sponge
are superior in terms of fracture resistance12–14 and show optical
properties similar to those of articial optical bers.15,16 Thus,
many studies have been performed on the biosilicas of diatoms
and marine sponges with the aim of revealing their structures,
properties, and growth processes.

Several kinds of higher plants, such as bamboos,23 equise-
tums,22,28 and rice plants,25,26 produce biosilicas (called plant
opal) by absorbing silicates from soil. Rice plants accumulate
a large amount of amorphous silica (20–30 wt%) on the
surfaces and inside of leaf blades, stems, and husks.25,27,30

Various shapes of biosilicas, such as plates, fans, prickle hairs,
and dumbbells, were observed in rice plants.30,43,44 Since rice
plants cultivated on silicon-rich soil were reported to be
unlikely to get diseases or fall over,24,25,29 biosilicas would be
effective for the prevention against diseases and improve
mechanical properties. However, the detailed structures and
mechanical properties of biosilicas in rice plants have hardly
been investigated.

In the present work, we performed structural and mechan-
ical analyses of biosilicas in rice plants with the aim of clarifying
the structure–mechanical property relationships. Here, we
focused on two main species contained in leaf blades: silicied
long cells, called silica plates, that cover most of the surfaces of
leaf blades, and silicied bulliform cells, called fan-shaped
silicas, which are aligned inside leaf blade, proving a stiff
RSC Adv., 2017, 7, 13065–13071 | 13065
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backbone.37 The nanostructures of biosilicas were characterized
using a wide variety of techniques, including scanning electron
microscopy (SEM), Fourier transform infrared absorption (FT-
IR), silicon-29 solid-state nuclear magnetic resonance (NMR),
mercury porosimetry, and nitrogen adsorption. In addition,
variations of nanostructure–mechanical properties of biosilicas
were investigated by nanoindentation. Thus, we propose the
role of these varied biosilica nanostructures within rice plants.
2. Experimental
2.1. Structural characterization of biosilicas in a rice plant
(Oryza sativa L.)

Mature leaf blades of rice plants (Oryza sativa L.) were collected
from paddy elds in Akita, Japan. The leaf blades were ground
with a small pulverizer, and biosilicas in leaf blades, which were
heavier than unsilicied cells, were separated by sieving in
water. The chemical structures of biosilicas were analyzed with
FT-IR using the attenuated total reection (ATR) method
(Bruker Optics Equinox 55), and an energy dispersive spectro-
scope (EDS; FEI-SIRON) operated at 20 kV, and a uorescent X-
ray analyzer (Horiba XGT-2700) operated at 15 kV. The chemical
bonding states of biosilicas were investigated using a silicon-29
solid-state NMR spectrometer (JEOL Lambda-500) at ambient
temperature with an inversely gated decoupling pulse sequence.
The 29Si p/2 pulses were 4 ms. The relaxation delay was 197 s for
silica plates and 170 s for fan-shaped silicas. The number of
scans was 1711 for silica plates and 969 for fan-shaped silicas.
In order to investigate the nanostructures of biosilicas, the
powdery samples of biosilicas were calcined at 300–500 �C for
3 h in air to remove organic compounds aer freeze-drying for
24 h. The morphologies of biosilicas before and aer the
calcination were investigated using eld emission SEM (FE-
SEM; Hitachi S-4700, FEI-SIRON, JEOL JSM-7600F) at an accel-
erating voltage of 5 kV and an optical microscope (Keyence VH-
Z500R). The pore-size distributions of calcined biosilicas were
investigated using mercury porosimetry (Micromeritics Auto-
Pore IV 9500) and the nitrogen adsorption method (Micro-
meritics 3Flex-3MP).
Fig. 1 A photo of rice leaf blades (a); SEMmicrograph of the surface of
a leaf blade after removal of organic components by calcination at
300 �C in air for 3 h (b); optical micrograph of silica plates (c); energy
dispersive map of a cross section of an untreated leaf blade, with red
highlighting the presence of silicon (e); SEM micrograph of a fan-
shaped silica structure (f); schematic illustrations of silica plates (d) and
a fan-shaped silica structure (g).
2.2. Mechanical characterization of biosilicas

Nanoindentation maps were performed on polished oblique
and transverse sections of leaf blades. Indents were performed
at ambient temperature using a nanomechanical testing system
(Hysitron TI 950 Triboindenter). Samples (i.e., raw leaf blades)
were embedded in epoxy (Spurr's low viscosity resin, Sigma-
Aldrich embedding kit). The resin blocks were polished at
using a polisher on 1200 grit silicon carbide paper, and then
additional polishing was performed to reveal smoother surfaces
using 0.25–6.0 mm polycrystalline diamond suspensions.
Displacement-controlled indents were performed to a depth of
250 nm on the polished sections using a diamond cube corner
indenter tip. Indents were repeated in a grid with a spacing of 5
mm � 5 mm or 2.5 mm � 2.5 mm. The displacement function
consisted of a 5 s loading step, a 2 s hold, and a 5 s unloading
13066 | RSC Adv., 2017, 7, 13065–13071
step.38 Hardness and elastic modulus were calculated using the
Oliver and Pherr method.39
3. Results
3.1. Structural characterization of biosilicas in a rice plant
(Oryza sativa L.)

3.1.1. Microstructures of silica plates and fan-shaped
silicas. The surface and cross section of a rice leaf blade are
shown in Fig. 1. Most of the surfaces of the leaf blades were
covered with approximately 1 mm-thick silica, called silica
plates, that had many projections �2 mm in diameter and �1
mm in height on their surfaces (Fig. 1b and c) and were
interdigitated with each other, similar to that of a tortoise
shell (Fig. 1c). Fig. 1e shows the result of elemental analysis of
the cross section of the raw leaf blade using an EDS. Silicon
(shown in red) was distributed on the surfaces (silica plates)
and inside of the leaf blade. EDS also highlighted a silica
nanostructure with a fan-like shaped within the leaf blade
(thus called a fan-shaped silica, Fig. 1e and f). Fan-shaped
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEMmicrographs of the side (a and b) and under surface (c and
d) of a silica plate and of the front (e and f) and side surface (g and h) of
a fan-shaped silica.

Table 1 The cumulative pore volumes of silica plates and fan-shaped
silicas evaluated using mercury porosimetrya

Pore volume [cm3 g�1]

(1) Meso- &
macropores
(5.5–200 nm)

(2) Micro-, meso-
(<5.5 nm), &
closed pores

Total
((1) + (2))

Silica plates 0.19 0.52 0.71
Fan-shaped silicas — 0.36 0.36

a “Micro-, meso-, and macropores” are open pores.

Table 2 The cumulative pore volumes of silica plates and fan-shaped
silicas evaluated using nitrogen adsorption and the estimated volumes
of closed poresa

Pore volume [cm3 g�1]

(3) Micro- & mesopores
(<5.5 nm)

(4) Closed pores
((2) � (3))

Silica plates 0.18 0.34
Fan-shaped silicas 0.01 0.35

a “Micro- and mesopores” are open pores.
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silicas were located in a line inside leaf blades like a backbone.
The silica content was estimated to be more than 99 mol% by
uorescent X-ray analysis. Fig. 1d and g show schematic
illustrations of silica plates and a fan-shaped silica structure.

To investigate the nanostructures of the biosilicas, we
removed organic compounds by calcination at 300 �C in air for
3 h. Based on SEM observations (Fig. 2), we found that the
biosilicas were comprised of 50–100 nm diameter particles,
which were loosely aggregated in silica plates but tightly packed
in fan-shaped silicas. The silica plates have a porous body
possessing macropores smaller than �200 nm. For quantitative
evaluation of their porous structures, we explored the micro-,
meso-, and macropores of silica plates and fan-shaped silicas
using mercury porosimetry and nitrogen adsorption methods.

Tables 1 and 2 show the pore structures of biosilicas evalu-
ated by mercury porosimetry and nitrogen adsorption methods,
respectively. Since pores larger than 200 nm were not observed
in the SEM micrographs in Fig. 2b and d, the volume of pores
larger than 200 nm obtained by mercury porosimetry (Fig. S1†)
is ascribed to the interparticle spacing in powdered samples.
The volume of macro- and mesopores between 5.5 and 200 nm
in diameter was 0.19 cm3 g�1 for silica plates and negligible for
fan-shaped silicas (pore volume (1) in Table 1). Based on the
This journal is © The Royal Society of Chemistry 2017
nal amount of mercury infused at 227 MPa, the volumes of
meso- and micropores smaller than 5.5 nm in diameter and
closed pores were estimated to be 0.52 cm3 g�1 for silica plates
and 0.36 cm3 g�1 for fan-shaped silicas (pore volume (2) in
Table 1). In order to estimate the pore volume, we assumed that
the density of silica matrix is the same as that of silica glass,
2.2 g cm�3. Therefore, the total pore volumes of silica plates and
fan-shaped silicas were 0.71 and 0.36 cm3 g�1, respectively. We
also investigated the volume of micro- and mesopores in silica
plates and fan-shaped silicas using nitrogen adsorption
(Fig. S2†). The volumes of open pores smaller than 5.5 nm in
diameter were estimated to be 0.18 cm3 g�1 for silica plates and
0.01 cm3 g�1 for fan-shaped silicas (pore volume (3) in Table 2).
The closed pore volume was evaluated from the difference of
pore volume (2) and (3). Hence, the volumes of closed pores
were 0.34 cm3 g�1 for silica plates and 0.35 cm3 g�1 for fan-
shaped silicas (pore volume (4) in Table 2). According to
adsorption isotherms of nitrogen (Fig. S2†), the Brunauer–
Emmett–Teller (BET) specic surface areas of silica plates and
fan-shaped silicas were 367 and 28 m2 g�1, respectively.

3.1.2. Chemical structures of silica plates and fan-shaped
silicas

Solid-state nuclear magnetic resonance of biosilicas. Silicon-29
solid-state NMR experiments were carried out to assess the
structure of silica (i.e., oxygen bridged silicon as well as silanol
groups in biosilicas). Fig. 3 shows that the 29Si NMR spectra of
silica plates and fan-shaped silicas are composed of three
signals at about �110, �100, and �90 ppm from Q4, Q3 and Q2

structural units, respectively. Q4 stands for three-dimensionally
cross-linked Si(OSi)4 units, Q

3 for Si(OSi)3(OH) units and Q2 for
Si(OSi)2(OH)2 units.23 Based on the NMR spectra, the OH/Si ratio
RSC Adv., 2017, 7, 13065–13071 | 13067
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Fig. 3 29Si NMR spectra of silica plates (a) and fan-shaped silicas (b)
using two Gaussian peaks corresponding to Q4 and Q3 structural units.

Fig. 5 Nanomechanics of biosilicas. Optical micrograph of the obli-
que cross section (a) and transverse cross section (e) of a raw leaf blade
embedded in resin. The regions surrounded by red frames are where
indents were performed. SEM micrographs of typical morphologies of
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of silica plates and fan-shaped silicas were estimated to be 0.36
and 0.23, respectively. This indicates that the average numbers
of silanol groups per one Si atom in silica plates and fan-shaped
silicas are much larger than that in articial silica glasses and
similar with other biosilicas.23 Since biosilicas are generally
comprised of nanoparticles that have abundant silanol groups
on their surfaces, the OH/Si ratio of biosilicas is remarkably
higher than those of fused quartz and articial silica glasses. A
smaller value of the OH/Si ratio of fan-shaped silicas than that
of silica plates can be explained by the condensation of silanol
Fig. 4 FT-IR spectra of silica plates and fan-shaped silicas. (A) 2925
cm�1 C–H stretching mode, (B) 2854 cm�1 C–H stretching mode, (C)
2350 cm�1 stretching mode of CO2, (D) Si–O–Si stretching TO mode,
(E) 1050 cm�1 Si–O–Si stretching LO mode, (F) 950 cm�1 Si–OH
stretching mode. The intensity ratios of Si–OH and Si–O–Si bands
were 0.40 for silica plates and 0.26 for fan-shaped silicas.

the surface (b) and cross section (f) of a leaf blade. The samples for the
micrographs (a and b) and (b and f) are not the same samples. Hardness
(c and g) and Young's modulus (d and h) maps obtained from nano-
indentation in the areas surrounded by red frames in (a) and (e).

13068 | RSC Adv., 2017, 7, 13065–13071
groups in the surface regions with tightly packing of the silica
nanoparticles in their body.

Fourier transform infrared absorption of biosilicas. FT-IR
absorption experiments were performed to ascertain the
chemical bonding state of silica plates and fan-shaped silicas.
Fig. 4 shows FT-IR spectra of silica plates and fan-shaped silicas.
The bands at 1050 and 950 cm�1 are assigned to the Si–O–Si
stretching TO mode and Si–OH stretching mode, respectively.
The intensity ratios of Si–OH and Si–O–Si bands were 0.40 for
silica plates and 0.26 for fan-shaped silicas. These results agree
with those obtained from the 29Si NMR spectra. The absorption
bands at 2925 and 2854 cm�1, which are shown in the spectrum
This journal is © The Royal Society of Chemistry 2017
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Table 3 Hardness, Young's modulus, and relative density of the biosilicas in rice plants, fused quartz and leaves without biosilica

Hardness H [GPa] Young's modulus E [GPa] Density [g cm�3] Relative density

Silica plates 0.37 � 0.16 3.5 � 1.3 0.86 0.39
Fan-shaped silicas 2.5 � 1.0 20 � 2.4 1.23 0.56
Fused quartz41 10 68 2.2 1
Leaves without biosilica42 — Less than 1.0 — —
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of silica plates but not in the spectrum of fan-shaped silica, are
assigned as C–H bonds which correspond to the presence of
hydrocarbons or lipids. Therefore, silica plates are suggested to
contain organics, such as cellulose, in their porous body.
3.2. Mechanical properties of biosilicas

The hardness and modulus of silica plates and fan-shaped
silicas were evaluated via nanoindentation experiments.
Indents were performed on the oblique (Fig. 5a–c) and trans-
verse (Fig. 5d–f) polished sections of a raw leaf blade embedded
in resin.

Hardness (Fig. 5c and g) and modulus (Fig. 5d and h) maps
of the oblique and transverse sections of a leaf blade reveal that
the hardest and stiffest portion of the leaf blade is the fan-
shaped silica. On the other hand, silica plates indicated
a much lower hardness and modulus than fan-shaped silicas.
The presence of dumbbell-shaped silicas is indicated by regions
of elevated hardness (c) and stiffness (d). The dumbbell-shaped
silicas form a minor portion of the biosilicas present in the leaf
blade of the rice plant, therefore we decided to focus only on the
silica plates and fan-shaped silicas. Table 3 shows the hardness,
Young's modulus and relative density of biosilicas, fused
quartz,41 and leaves without biosilica.42 The hardness and
modulus of fan-shaped silicas were H ¼ 2.5 � 1.0 GPa and E ¼
20� 2.4 GPa, and those of silica plates wereH¼ 0.37� 0.16 GPa
and E ¼ 3.5 � 1.3 GPa, respectively.
Fig. 6 Schematic illustrations of biosilicas and their variously sized
pores; (a) silica plates, (b) fan-shaped silica.
4. Discussion

We demonstrate schematic illustrations representing the
summary of the hierarchical pore structures of biosilicas in
Fig. 6. Silica plates are comprised of �100 nm-sized silica
particles. We observed macro- and mesopores (5.5–200 nm)
(pore volume (1): 0.19 cm3 g�1) and meso-, micro- (<5.5 nm) and
closed pores (pore volume (2): 0.52 cm3 g�1) in the silica plates.
Hence, the total pore volume, porosity, and relative density of
the silica plate were 0.71 cm3 g�1, 61%, and 0.39, respectively.
According to adsorption isotherms of nitrogen (Fig. S2†), the
BET specic surface area of silica plates was 367 m2 g�1. Based
on the specic surface area, the diameter of silica particles as
a building block of the porous framework was estimated to be
7.4 nm for silica plates. This indicates that �100 nm silica
particles consist of primary particles less than 10 nm in size in
silica plates. Moreover, the primary particles contain 0.34 cm3

g�1 of closed pores (pore volume (4)). Fan-shaped silicas are also
comprised of �100 nm particles. We observed meso-, micro-
and closed pores in the fan-shaped silica, and its total pore
This journal is © The Royal Society of Chemistry 2017
volume, porosity, and relative density were estimated to be 0.36
cm3 g�1, 44%, and 0.56, respectively. Since the BET specic
surface area of fan-shaped silicas was 28 m2 g�1, this indicates
that open pores are absent in �100 nm silica particles in fan-
shaped silicas. However, they contain 0.35 cm3 g�1 of closed
pores (pore volume (4)).

Basically, the hierarchically organized biosilicas were re-
ported to be synthesized using organic molecules, such as
silaffin,9,10,31 silicatein,20,32,33 and long-chain polyamines35,36

under ambient temperatures and pressures in aqueous systems
near a neutral pH. Silicon is taken up by roots in the form of
silicic acid and is deposited on cell walls as a polymer of
hydrated amorphous silica (i.e., biosilica).26 The unique shapes
of biosilicas, such as plates and fans, can be considered to come
from the shapes of the plant cells. Although most part of the
mechanisms for the biosilica formation in rice plants has yet to
be revealed, some sort of organic molecules might be concerned
in the formation of biosilica in rice plants as well as diatoms
andmarine sponges. The interaction between the amino groups
in the organic molecules like polyamines and silica sources (i.e.,
silicic acid derivatives) is considered to promote bio-
silicication.10,31 In previous works, polyamines were shown to
catalyze the polycondensation of silanol groups45 and to act as
efficient occulation agents.46 Nano- and submicrometer-sized
porous, core–shell, and hollow silica particles were synthe-
sized using polyamines as a colloidal template.47,48 In addition,
our previous work showed that silicates accumulated on a long-
chain branched polyethylenimine and then transformed to
RSC Adv., 2017, 7, 13065–13071 | 13069
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bunching nanoparticles similar to the biosilica in rice plants.37

However, the production of the upper level of the hierarchical
silica structure (i.e., macroscopic framework), which have larger
impact on mechanical property, reecting the shape of organic
templates in macro scale has not been achieved using poly-
amines. Further investigation is required to clarify detailed
formation mechanism of the hierarchical architectures of bio-
silicas from amorphous silica particles.

As mentioned in the previous work,40 Young's modulus of
a synthesized amorphous silica decreases with decreasing
relative density (Fig. S3†). As discussed in the Structural char-
acterization section above, the relative density of fan-shaped
silicas was 0.56, and that of silica plates was 0.39. Therefore,
the estimated Young's moduli from the previous work40

(Fig. S3†) are E ¼ 8.2 GPa (silica plates) and E ¼ 17 GPa (fan-
shaped silicas). These estimated values are not far from the
experimental values: E¼ 3.5� 1.3 GPa (silica plates) and E¼ 20
� 2.4 GPa (fan-shaped silicas). From 29Si NMR and FT-IR
analyses, the two types of biosilicas, silica plates and fan-
shaped silicas, were found to contain large amounts of silanol
groups, which would provide the exibility within the Si–O–Si
networks. However, the variation of Young's modulus of the
biosilicas can be mainly ascribed to the difference in relative
density. This suggests that the structures within the Si–O–Si
networks have little inuence on their mechanical properties in
biosilicas.

The differences between estimated and experimental values
are relatively large for silica plates. In hierarchical architectures,
the mechanical properties are strongly inuenced by the
macroscale structures. A relatively large deviation of the
mechanical properties from the estimated values is attributed
to the presence of meso- and macropores (5.5–200 nm) in the
plate body in which silica particles are sparsely packed (Fig. 2b
and d).

The mechanical characteristics of silica plates and fan-
shaped silicas would contribute to the exhibition of different
roles of the biosilicas. Silica plates, which cover all of the
surfaces of the leaf blades, protect leaves from viral invasions
and insect damage while ensuring exibility of the leaves.
Hence silica plates should have a certain level of hardness and
relatively high exibility (i.e., low Young's modulus). Fan-
shaped silicas, which are aligned inside a leaf blade like
a backbone, provide structural support to the leaves. Thus, fan-
shaped silicas should have a relatively high hardness and
modulus. The mechanical properties depending on the relative
density of biosilicas are found to be designed by changing the
packing state of silica nanoparticles.

5. Conclusions

The microstructures and nanomechanical properties of bio-
silicas in rice plants were investigated. Both silica plates and
fan-shaped silicas consisted of amorphous hydrated silica
nanoparticles. The Young's modulus of silica plates was much
lower than that of fan-shaped silicas because of the difference
in their relative densities originating from their microstruc-
tures. These differences found in both the structures and
13070 | RSC Adv., 2017, 7, 13065–13071
mechanical properties of biosilicas could explain their different
roles. The ability of biosilicas to express various functions for
any purpose by controlling their microstructures and their
ambient synthesis process can provide insights into the design
of functional and environmentally friendly silica glass in the
future.
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