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Abstract Laser induced breakdown spectroscopy (LIBS) has
been used to perform in situ analysis of major and minor
elements present in the different parts of the Bermuda grass
(Cynodon dactylon). In situ, point detection/analysis of the
elements in plants without any sample preparation has been
demonstrated. LIBS spectra of the different parts (leaf blade,
leaf sheath and stem) of fresh C. dactylon plant have been
recorded to study the pattern of silica deposition in its
different parts. Atomic lines of Si, Mg, Ca, C, Al, Zn, N, Sr,
etc. have been observed in the LIBS spectra of the C.
dactylon. A close observation of LIBS spectra of the
different parts of the plants shows that silica concentration
is greater in leaf blades than leaf sheaths and stems. The
results obtained with LIBS analysis are also compared with
the number density of phytoliths deposited in different parts
of C. dactylon. It is observed that the highest silicified cell
frequency is present in leaf blades followed by leaf sheaths
and stems which is in close agreement with LIBS analysis.
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Introduction

Silicon is the second most abundant element after the
oxygen in the earth's crust where it is predominantly found

in the form of silica or silicon dioxide. Its applications are
numerous and include the silicon industry, biological
sciences, nanotechnology, soil science, ecology, agriculture,
archaeology, and palaeoenvironment study1–8. Chemistry of
silicon is similar to carbon and belongs to the same group
of periodic table. It is a promising organic alternative to
carbon, the basic unit of life. Many scientists have shown
that silicon may have had a part to play in the origin of life.
The great majority of researchers entirely ignore the
benefits of this element in plants, human and animals;
however, in human body, it is required for optimal bone and
connective tissue development9. Silicon protects the plants
from various bacterial and fungal diseases like rice blast,
powdery mildew, and sheath blight10–13 and also enhances
the capacity to tolerate the attack of insects and pests,14 as
well as various biotic and abiotic stresses giving strength to
plants by increasing heavy metal tolerance15–18. Si is also
essential element for the growth and development of higher
plants19 and its deficiency causes various abnormalities. It
improves nutrient balance in wide variety of plant spe-
cies20–22. In 1996, Harrison23 emphasized that silica in plants
is closely connected to cell wall proteins and suggested the
involvement of combination of biomolecules in the formation
of biogenic silica. During the absorption of water through their
roots, it is absorbed in the form of monosilicic acid and
deposited in various plant cells such as bulliform cells,
parallelepipedal bulliform cells, silica short cells, sinuous
walled epidermal long cells, and prickle hairs. It takes on the
shape of the cells. These silicified cells are called as
phytoliths. Silicon which is taken up by the plant from the
soil is beneficial as it improves pest and pathogen resistance,
drought, heavy-metal tolerance, and crop quality and yield of
the plants. In grasses, silica is mainly deposited in silica short
cells, epidermal long cells, bulliform cells, and prickle hairs in
the form of opal phytoliths. Thus, it is desirable to perform in
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situ elemental analysis of different parts of the plants to know
the pattern of silica deposition in leaf sheath, leaf blade, and
stem of the plants. To perform such type of analysis, an
analytical technique which has point detection capability is
very much essential.

Various techniques are being utilized for elemental analysis
of materials such as ion mobility spectrometry (IMS), mass
spectroscopy, inductively coupled plasma atomic emission
spectrometry (ICP-AES), graphite furnace atomic absorption
spectrometry (GFAAS), but all these techniques are expensive
and require lengthy and time-consuming sample preparation
and not suitable for in situ and point detection analysis.
Recently, laser induced breakdown spectroscopy (LIBS) has
emerged as a valuable tool for in situ and in vivo analysis of

any type of materials including biomaterials24–26. It does not
require any sample preparation; it is a very sensitive, reliable,
and quick analytical technique as well as having point
detection capability27–29.

Therefore, in the present manuscript, we have used the
LIBS technique to study the distribution pattern of silicon
and other elements in the leaf blade, leaf sheath, and stem
of Cynodon dactylon. We have also used the leaf clearing
and phytoliths extraction technique for the determination
and arrangement of silicified cells in various parts of C.
dactylon (leaf blade, leaf sheath, and stem). C. dactylon is
known by a variety of common names, including Bermuda
grass, Durva grass, Indian doab grass, Dubo grass, Dog's
Tooth grass, Bahama grass, Devil's grass, Couch grass,
Arugampul grass, Grama grass, and Scutch grass.

Materials and Methods

Sample Collection and Preparation for Transparency

The leaf blades, stem, and leaf sheath of C. dactylon were
collected from the Botany Department, University of
Allahabad, Allahabad, Uttar Pradesh, India. Small pieces of
leaves were washed in distilled water and made transparent
using the technique of Stebbins30 to see the deposition of
silica in different cells at different places of the leaves.

Phytolith Extraction

Phytolith extraction from the leaves, leaf sheaths and stems
of C. dactylon was made using dry ash technique31. Small

Fig. 1 Block diagram of the
experimental set-up to record
LIBS spectra of C. dactylon

Fig. 2 Different parts of C. dactylon leaf blade (F-2 and F-5 midrib
region, F-1, F-3, F-4, and F-6 margin area of the leaf blade) on which
laser beam was focused to record the LIBS spectra
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pieces of leaves, leaf sheaths and stems from mature plants
were washed in distilled water and dilute HCl to remove any
mineral particles on the surface and to soften the mineralized
tissue. The leaves, leaf sheaths and stems were then placed
in a ceramic crucible and ashed for at least 6 h at 400°C in
muffle furnace. The ash was treated with HNO3 and KClO3

mixture to remove the organic material. The washed and
dehydrated residue was permanently mounted in Canada
balsam on glass slides for light microscopy.

We have taken 0.001 g ash for the preparation of glass
slides and mounted in Canada balsam. Five slides of leaf
blade, leaf sheath, and stem of the C. dactylon for data
analysis were taken. The numbers of silicified cells in an
area of 1.24 mm2 were counted.

LIBS Experiment

The experimental set-up, described elsewhere32 for record-
ing the LIBS spectra of different parts of C. dactylon is
shown in Figure 1. LIBS experimental set-up consists
mainly of three parts viz. Laser source (Nd:YAG laser),
Spectrometer (Ocean Optics,USA,model LIBS 2000+) with
laser focusing and emission collecting optics and target
sample. The laser delivers maximum pulse energy of
425 mJ at 532 nm with pulse width of 4 ns and maximum
10 Hz pulse repetition rate. The laser beam is focused using
a convex lens onto the surface of the fresh plant leaves of
the C. dactylon to create the plasma. The characteristic light
emitted from the plasma is collected using a lens fixed at
the tip of fiber bundle and finally fed into the entrance slit
of spectrometer, equipped with a charge-coupled device
(CCD) detector. LIBS spectra of leaf blade, leaf sheath, and

stem of the plants were recorded by focusing laser beam at
different parts of its surface (Figure 2).

Results and Discussion

Identification and Distribution of Phytoliths

Silica is deposited in inter- and intracellular spaces of the
different parts of the C. dactylon. It takes very character-
istic shapes like bulliform, parallelepipedal bulliform,
saddle shape, prickle hairs, and epidermal cells which
are called phytoliths. The transparency of the C.
dactylon leaf blade (Figure 3) shows the trend of silica
deposition in the cells of midrib and margin areas of the
leaf blade. Among all phytoliths of the leaf blade, saddle-
shaped phytoliths are highest in frequency along with the
prickle hairs which are mostly deposited near the margins
of the leaf blade (Figure 3A). Bulliform cells along with
parallelepipedal cell phytoliths are mostly deposited near
the midrib region of the leaf blade (Figure 3E–F).Various
other types of phytoliths like epidermal long cells and
sinuous walled long cells are deposited near the vein
areas of the leaf blade (Figure 3G). A diversity of
phytoliths is present in the different parts of this plant.
However, the shape and size of these phytoliths are
different (Figure 4).

Phytolith analysis in leaf sheaths suggests that saddle-
shaped phytoliths are present in highest amount followed
by the prickle hairs and trapezoids (Figure 5B–F). In the
stem, very thin layer of silica is deposited below the
cuticle of epidermal cells. After counting of various types

Fig. 3 Arrangement of silicified
cells in different portions
(midrib and margins) of C.
dactylon leaf blade (A, B, and G
margin area of leaf blade
showing the silica in saddle
shape short cells; C, D, E, and F
cells near midrib area of leaf
blade showing the silica in
parallelepipedal and bulliform
cells)
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of phytoliths from the same observed area of slides of leaf
blade, leaf sheath, and stem, we find that the highest
silicified cell frequency is present in leaf blade of this
plant followed by the leaf sheath and stem (Table 1;
Figure 6).

LIBS Analysis

A systematic diagram of the LIBS experimental set-up for
recording the spectra of different parts of the C. dactylon
plant is shown in Figure 1. LIBS spectra of fresh plant of C.
dactylon have been recorded under optimized experimental
conditions to identify the spatial distribution pattern and
deposition of micro- and macroelements in different parts
and portions of leaf blade, leaf sheath, and stem. A number
of single shot LIBS spectra were recorded using 10 mJ laser
energy by translating the target to avoid the crater formation

on the leaf blade, leaf sheath, and stem surface. For the
200–500 nm wavelength region, typical LIBS spectra of
various parts of C. dactylon are shown in Figures 7, 8,
and 9, which undoubtedly shows the presence of atomic
lines of Si (288.15 and 251.6 nm ), Mg (279.7, 280.2,
285.2, and 532 nm), Ca (393.36, 396.8, and 422.6 nm),
C (247.8 and 229.6 nm), Al (308.2 and 309.2 nm), Zn
(202.5 nm), N (463.54 nm), and Sr (407.7 and 460.7 nm).
The existence of these persistent lines confirms the
presence of these elements in different parts of C. dactylon.
These elements play important roles for the development
and growth of plants. Magnesium, which is mostly present
in chlorophyll, combines with ATP and activates many
enzymes needed in photosynthesis, respiration, and forma-
tion of DNA and RNA. Calcium is essential for normal
membrane functions in all cells; it acts as a binder of
phospholipids to each other or to membrane proteins as

Fig. 4 Presence of different
types of silicified cells in C.
dactylon leaf blade (1–15
bulliform cells,
16 parallelepipedal bullform
cells, 17–24 saddle-shaped
phytoliths, 25–26 dumb-bell
shaped phytoliths) (Scale bar,
20 μm)
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well as some enzyme activated by Ca32. LIBS spectra of
stem (Figure 9) demonstrate the presence of strontium and
aluminum in stem which are not present in other parts of
the Cynodon plants. Likewise, zinc is present (Figure 7)
only in leaf blade. Strontium is nonessential trace mineral
which increases the retention of calcium in the stem of
C. dactylon, while silica alleviates the toxicity of aluminum
in the plants33.

In the present study, we have focused attention to study
the distribution pattern of silicon with the help of LIBS and

the arrangement of silicified cells with the help of phytolith
analysis in different parts of leaf blade, leaf sheath, and
stem. The distribution pattern of silica deposition in upper
and lower surface of the leaf is shown in the LIBS spectrum
(Figure 10) of different portion of C. dactylon leaf (midrib
and margins). Figure 10 clearly shows that the intensity of
atomic line of Si (288.15 nm, and transition 3s2 3p2 (1D2)–
3s2 3p4s (1P1)] is highest in the LIBS spectra when the laser
beam is focused at midrib area of the leaf, and it is less
when the laser beam is focused in the margin area.

Fig. 5 Presence of different
types of silicified cells in
C. dactylon leaf sheath
(A, epidermal cell, B–F,
saddle-shaped, G, H trapezoidal
cells, I–K prickle hairs, L, M
elongate sinuous and smooth
walled cells) (Scale bar 20 μm)

Table 1 Silica (phytoliths) concentrations under controlled experimental conditions

Plant
parts

Number of slides
for data analysis

Amount of sample for each
slide preparation (g)

Area/slide for counting of
silicified cells (mm2)

Total counts of
silicified cells

Approximate
silica

Leaf blade 5 0.001 1.244 275.8±55.8 High

Leaf sheath 5 0.001 1.244 228.6±45.06 Medium

Stem 5 0.001 1.244 74.4±17.48 Low
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According to Boltzmann law, the intensity of spectral line is
directly proportional to the concentration of the elements34.
Thus, Figure 10 clearly reveals that the Si concentration is
higher in the midrib area of the leaf and lower in the margin
areas. We have recorded the LIBS spectra of five different
leaves of C. dactylon and have measured the intensity of
the atomic line of Si (288.1 nm) in each spectrum at
different locations on the surface of leaf blade and average
of these intensities is plotted in Figure 11. Such type of
variation in intensity is also performed for leaf sheath and
stem and is shown in Figure 12. Comparative frequency of
silicified cells of different parts of the plant is shown in
Figure 6. Figure 12 clearly demonstrates that the intensity/
concentration of Si deposition is different in different parts
of the plants, and highest concentration of Si is found in

leaf blade followed by the leaf sheath and stem. This
statement is verified from Figure 6 which also reveals the
variation of silicified cells in various parts of the plants and
strongly suggests that the frequency of silicified cells is
more in the leaf blade followed by the leaf sheath and stem
of C. dactylon.

The transparency of the leaf blade (Figure 3) also shows
the deposition of silica in the lumen of large bulliform and
parallelepipedal cells near the midrib area. It shows high
intensity of Si and silica deposition in the short saddle-
shaped cells at the margin areas of the leaf blade. The
bulliform and parallelepipedal cells have much more depth
than the ordinary epidermal cells and are arranged in rows

Fig. 6 Frequency of silicified cells in different parts of C. dactylon

200 250 300 350 400 450 500
0

20

40

60

80

100

120

140

160

180

200

N
Ca

Ca

SiSi

C C Mg

Mg

Cynodon dactylon leaf Sheath

wavelength (nm)

In
te

ns
ity

 (
au

)

Fig. 8 Single shot LIBS spectra when the laser beam is focused on
fresh C. dactylon leaf sheath
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Fig. 7 Single shot LIBS spectra of vein area of fresh C. dactylon leaf
blade
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Fig. 9 Single shot LIBS spectra of fresh C. dactylon stem
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throughout the length of the upper surface of leaf blade.
These silica bodies play very essential role in the rolling of
leaves and act like hinges for the rolling of the leaves in dry
weather. A number of studies demonstrate that silicon
reduces the cuticular transpiration and significantly reduces
the loss of water in plants35–37. Silicon deficiency of plants
is closely related to excessive transpiration, and at the same

time, transpiration rate is responsible for the deposition of
Si in plants38. Raven39 suggested that the highest silica
deposition in plants is found in major transpiration parts
like leaf blade.

The above results suggest that LIBS and phytolith
technique can be useful for determination of Si deposition
pattern in different parts of plants. LIBS spectra showed
highest silica concentration in leaf blade followed by the
leaf sheath and stem. This is confirmed by counting of
silicified cells from the observed area.

Conclusion

The present study clearly demonstrates that LIBS is suitable
technique to perform in situ analysis of even trace element in
fresh plants. Its point detection capability plays an important
role to know the presence and deposition pattern of major and
minor elements in different parts of the plant sample. Phytolith
analysis also provides the information about the deposition
pattern of silica in different cells of some plant groups. It is
quite interesting that both techniques show the same results.
Thus, LIBS technique is a quick, simple, and inexpensive
alternative means of phytoliths extraction technique for the
study of the distribution of the silicon in different parts of the
plants. The LIBS spectra showed high intensity of silica where
big silicified cells of leaf were present.
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Fig. 11 Average intensity/concentration (measured from five leaves
spectra) in LIBS spectra of fresh C. dactylon leaf blade when the laser
beam is focused at different portion of the upper and lower surface of
the leaf blade
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