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Abstract The effect of water soluble carbon nano-dots

(wsCND) on the growth of root and shoot of wheat plants

under light and dark conditions has been studied. The

wsCND enhances the growth of root and shoot both in light

and dark conditions. The effect of wsCND on the growth of

root was relatively more compared to that of shoot. Scan-

ning electron and Fluorescence microscopic analysis show

that wsCNDs enter inside the plant. Raman spectroscopy

also confirms this. The present study shows that wsCNDs

are non-toxic to the wheat plant and can be used to enhance

the production of this cereal crop.
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Introduction

Over last few years, there have been extensive studies to

understand the influence of nanomaterials on the growth of

different types of plants (Khodakovskaya et al. 2009;

Khodakovskaya et al. 2013a, b; Lu et al. 2002; Cañas et al.

2008; Yang et al. 2006; Hong et al. 2005a, b; Tan et al.

2009; Yuan et al. 2011; Khodakovskaya et al. 2013a, b;

Mahajan et al. 2011; Wang et al. 2012; Larue et al. 2012;

Miralles et al. 2012; Feizi et al. 2012; Tripathi et al. 2011;

Sonkar et al. 2012). Khodakovskaya et al. (2009, 2013a, b)

demonstrated that at very low doses MWCNT can pene-

trate the seed coat and enhance the germination of tomato

plant. Lu et al. (2002) studied on soya bean and found that

the mixture of nano-SiO2 and nano-TiO2 increases nitrate

reductase which causes seed germination. Canas et al.

(2008) worked on onion and cucumber and found that

functionalized carbon nanotubes enhance root elongation.

Yang et al. (2006) and Hong et al. (2005a, b) studied the

growth of the spinach and found that proper concentration

of TiO2 could enhance photosynthesis and nitrogen

metabolism. Tan et al. (2009) demonstrated the use of

MWCNT to increase reactive oxygen species (ROS) and

decrease the cell viability of rice plant. Yuan et al. (2011)

found that SWNT (50 lg/ml) stimulate the growth of

mesophyll cells of Arabidopsis. Khodakovskaya et al.

(2013a, b) studied at cellular level and showed the positive

effect of MWCNT and explained the mechanism for the

plant growth in tobacco cells. Mahajan et al. studied mung

and Gram seed using nano-ZnO particle by plate agar

method and found that the growth of mung and gram is

different at different concentrations. The seedling growth

was maximum at 20 ppm for mung and at 1 ppm for gram

(Mahajan et al. 2011). Wang et al. (2012) carried out

experiment on wheat and found that MWCNT significantly

promote cell elongation and increases dehydrogenase

activity. Laure et al. (2012) used 14C radiolabelled

MWCNT to study wheat and rape-seed quantitatively in

hydroponic solution and found that there is no effect on

seed germination, root elongation and on dry mass.

Miralles et al. (2012) studied the phytotoxicity of wheat

and alfalfa using industrial CNT and catalytic impure CNT

and found that there was no toxic effect on germination

under high concentration. Feizi et al. (2012) found the

positive effect on the germination and seedling of wheat

when treated with different concentrations of bulk and
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nanosized TiO2. Recently, we reported a study on dicoty-

ledonous plant gram (Cicer arientinum) using water solu-

ble CNT which was synthesized from Mustard oil soot and

thus did not contain any trace amount metal impurity and

found that it enhances the growth of the gram plant (Tri-

pathi et al. 2011). In a subsequent study, Sonkar et al.

(2012) showed that water soluble carbon nano-onions from

wood wool also enhance the growth of gram plant. These

studies show that carbon nanomaterials like MWCNT,

SWCNT enhance growth in plants like dicotyledonous but

metallic nano materials show concentration dependent

growth in dicotyledonous plant. Dicotyledonous and

monocotyledonous plants differ morphologically as they

have different arrangements in their vascular bundle, and in

their root system. Furthermore, in all monocotyledonous

plants, the presence of certain plastid inclusion helps to

enhance the photosynthetic process. Therefore, here, we

report a detailed study showing the effect of water soluble

CND on monocotyledonous plants under light and dark

conditions.

Experimental

Materials

All reagents were of analytical grade and were purchased

from Sigma Aldrich.

Synthesis of water soluble carbon dots

The water soluble CND was synthesized by the method

reported in references Tripathi et al. (2011) and Sonkar

et al. (2012). We used mustard oil lamp and collected the

carbon soot on the top of its flame on a glass slide. Then

soot was washed repeatedly with toluene, alcohol and

acetone and finally with water using Soxhlet extractor

technique to remove un-burnt oil, poly aromatic hydro-

carbon or any other organic molecule produced under

such pyrolytic technique. Finally, we slightly modified the

procedure as described in reference Tripathi et al. (2011)

and this washed and air dried soot was treated with

concentrated HNO3 acid contrary to the dilute nitric acid

treatment described in reference Tripathi et al. (2011) in

cold condition to allow the surface oxidation of the soot

(with the evolution of brown nitrogen oxide fumes) and

finally that subsided. The soot with the acid was allowed

to stand in the boiling water bath to evaporate all the

nitric acid. The dry mass was diluted with distilled water

and the mixture was evaporated to dryness on a boiling

water bath. This process was repeated several times till

the final solution became nitrate ion free (tested by Gre-

iss’s reagent with zinc powder to reduce nitrate to nitrite).

Finally, the nitrate-free black slurry was warmed to dis-

solve the soluble part, filtered from the undissolved car-

bon and the filtrate was dried on the water bath to yield

water soluble carbon nano-dots (wsCND). It is noticed

that the carbon nano tubes which are formed under dilute

nitric acid treatment get fragmented to wsCND under

strong oxidative treatment of concentrated nitric acid. The

detailed characterization of such carbon dot has already

reported by Ghosh et al. (2011) 150 mg of the prepared

wsCND was sonicated in water for couple of minutes and

it was diluted to one liter. We used this as a stock solution

(150 mg/L) in all the experiments.

Seeds and germination

Experiments were carried out on the monocotyledonous

seeds of wheat. These seeds were surface sterilized using

70 % ethanol and then these were soaked in the water.

Seeds took 3–4 days for germination.

Sample preparation for SEM

Wheat roots were first cut into pieces and then fixed

with 2.5 % glutaraldehyde in 0.1 M cacodylate buffer

with pH 7.4 for 6 h. Later, the roots were washed with

cacodylate buffer containing 4 % sucrose at pH 7.4, then

roots were dehydrated using 30, 50, 70 and 100 % eth-

anol each for 30 min. Later the roots were dewaxed in

100 % xylene and incubated the dewaxed roots into

50:50 xylene and paraffin. After standing for 30 min, we

transferred this in 100 % paraffin for 10 h. After 10 h,

thin sections of roots were cut from the embedded

sample using a microtome (Leica microtome RM225).

Sections were washed with xylene and ethanol, respec-

tively, to remove the excess of wax. SEM images were

taken on this sample.

Characterization

Raman spectra were recorded using a Raman spectrometer

of Horiba Jobin–Yvon LabRAM HR-800 Grating: 1,800 g/

mm, Exciting wavelength: 632.8 nm line of He–Ne laser

and Raman images was taken by a confocal microscope

using software labspec. SUPRA40VP Field emission

Scanning Electron Microscope (Carl Zeiss NTS GMBH

Oberkochen (Germany) equipped with an energy disper-

sive X-ray (EDAX) in high vacuum mode operated at

10 kV. Fluorescence images were taken by a Leica TCS

SP2Fluorescence microscope. For Fluorescence micro-

scopic study, excitation wavelength was in the range of

530–550 nm and the resulting emission was observed in

the wavelength range of 575–625 nm.
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Results and discussions

Characterisation of wsCND

A representative Raman spectrum of the sample is shown in

Fig. 1a. There are three dominant peaks in the Raman

spectrum at 1,332, 1,594 and 2,680 cm-1 which correspond

to the disorder (D) mode, graphite (G) mode and second

order harmonics of the D band, respectively. The Raman

spectrum clearly indicates the presence of defects in nano-

particles due to the presence of 1,332 cm-1 peaks which

could be due to sp (Lu et al. 2002) hybridization related to the

oxidation of the wsCND. Functional group in wsCND was

characterized by FTIR technique. The FTIR spectrum of the

sample is shown in Fig. 1b. The peak around 1,700 cm-1 is

for m (C = O) and the broad band*3,400 cm-1 showed the

presence of –OH group originated from the carboxylic acid

groups as well as the C–OH groups present in the wsCND.

The broad and high intensity peak around 1,250 cm-1 is due

to C–O from the C–OH groups. In addition, the peak around

1,600 cm-1 may be mixed with C = C vibration along with

some water due to its r(H2O) vibration. The shape and the

size of wsCND were characterized by scanning electron

microscopy (SEM). The SEM image of the sample is shown

in Fig. 1c. It is clear from this image that the size of the

particles ranges between 20 and 100 nm and they seem to be

spherical in shape. EDX analysis of nanoparticles was car-

ried out to find out the presence of different elements in the

system.A plot of EDX analysis is shown in Fig. 1d. It is clear

from this plot that themajor components of the nanoparticles

are carbon with a minor part of oxygen. All these charac-

terization clearly established that these nanoparticles are

made up of carbon atoms along with oxygen functionality

commonly from carboxylate and hydroxyl groups which

make the nanoparticle water soluble.

Growth of wheat plants with wsCND

To understand the influence of wsCND on the growth of

wheat plant under light and dark conditions, wheat plants

Fig. 1 a Raman spectra of CND showing the characteristic D and G band; b FT-IR of the water soluble CND; c SEM images of water soluble

CND; d EDX of CND showing the major presence of carbon and small amount of oxygen
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Fig. 3 Histogram comparing the growth of root and shoot with days under different conditions a root in light condition; b root in dark condition;

c shoot in light condition; d shoot in dark condition. In this graph blue bars show growth in distilled water and red bars show growth in wsCND

Fig. 2 Phenotypes of wheat roots after 10 days a roots grown only in distilled water under light condition; b roots grown in wsCND under light

condition; c roots grown only in distilled water under dark condition; d roots grown in wsCND under dark condition
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were grown in distilled water (DW) as well as in solution of

wsCND for 10 days. The concentration of wsCND used in

the experiment is in the order of 150 lg (200 ll). The

growth of root and shoot of the plant was monitored. A

photograph of root grown in DW and in wsCND for 10 days

is shown in Fig. 2 (a) growth of root in DW and in wsCND

respectively in light condition; (b) growth of root in DW

and in wsCND, respectively, in dark condition. It is clear

that on average growth of root in wsCND both in light and

dark conditions is more compared to that of grown in DW. It

is also important to note that growth of root in wsCND

under light condition is more compared to that under dark

condition. On the other hand, the growth of shoot in wsCND

is nearly the same in both light and dark conditions. The

effect of wsCND on the growth of shoot was not so visible.

Figure 3 compares the growth of shoot in DW and wsCND

under light and dark conditions. It is clear that growth of

both root and shoot is more in DW for the first few days and

after that growth in wsCND becomes more. Such result is

expected as seeds at the initial stage house all the essential

nutrients inside and these are slowly supplied to nurse the

very young sapling at its initial stage. The presence of

wsCND at this stage is somewhat not helpful because

wsCND competes to trap nutrients partly hindering the

natural growth of the plant sapling at the initial days.

However, when the sapling became few days old it is the

wsCND which started providing the required nutrients to

the sapling slowly as by then the seed exhausted its all

nutrients and root and stem of the sapling are formed to

harbor wsCND (see below). The growth of root under

light condition (Fig. 3a) is more in DW compared to that

of in wsCND for first 2 days and after that growth in

wsCND becomes more. Under the dark condition, the

growth of root (Fig. 3b) in DW is more for the first 5 days

and after that growth in wsCND becomes more. The

growth of shoot in light (Fig. 3c) and dark (Fig. 3d)

conditions is more in wsCND from 6th and 10th day only.

It is also important to point out that both Anova Test and

Bonferroni (tests for variance) showed that the difference

in growth of plant root and shoot in DW and wsCND is

significant.

To understand the interaction of wsCND with plants, the

SEM images of L. S of roots of the plants grown in DW

and in wsCND are shown in Fig. 4. The SEM images for

the plants grown in DW under light dark conditions are

shown in Fig. 4a and b, respectively. The SEM images for

Fig. 4 SEM images of LS of root in light and dark conditions a root grown in distilled water under light condition; b root grown in distilled

water in dark condition; c root grown in wsCND in light condition; d root grown in wsCND in dark condition
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the plant grown in wsCND are shown in Fig. 4c and d,

respectively. The subtle difference in Fig. 4a with c and b

with d clearly shows that there are interactions between

plant roots with wsCND. The wsCND absorbed on the root

surface may enter inside the plant body through the pores

present on the cell wall and plasmodesmata through apo-

plastic and symplastic pathways to cross the cortex region.

A single layer endodermis may play major role in

regulating the movement of water and ions. This endo-

dermis has passage cell which passes water molecules from

cortex to protoxylem and may finally reach inside the

xylem vessel by apoplastic, symplastic or transmembrane

pathway (Clarkson 1993). Once wsCND reaches inside the

xylem it is transported to all the parts of the plant body. To

further locate the position of wsCND inside the root, we

snapped fluorescence images under varied time of its

Fig. 5 Fluorescence

microscopy image of plant roots

at different duration. In left

panel images for control and in

right panel images of wsCND

treated root are shown where the

fluorescence due to wsCND can

be clearly distinguished from

the background auto

fluorescence. Images are with

940 magnification
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uptake like after 6, 24, 30 h, and finally on the 7th day.

These fluorescence images are shown in Fig. 5. These

show that with the increase in time, the movement of the

wsCND particle in different regions of the plant follows

different pathways, i.e. apolastic or symplastic depending

on the diffusion coefficient and transpiration pull. There

was no fluorescence in the vascular region of root grown in

D. W, whereas fluorescence was observed in the vascular

region of the root grown in wsCND. This fluorescence is

due to the presence of wsCND. This confirms that wsCND

has entered the vascular bundle of the plant. To have more

precise location of the CNDs inside the plant, we use

Raman image spectroscopy to identify its presence in the

root of the plant. This image and Raman spectrum are

shown in Fig. 6. This image clearly shows the signature of

wsCND which is accumulated in the epidermal and vas-

cular region of the root. The presence of wsCND inside the

root can be due their small size and high surface reactivity

which allow wsCND to cross the biological barriers.

In summary, we show that water soluble carbon nano-

dots (wsCND) easily cross the biological barriers in young

plant saplings to carry forward more nutrients and water to

enhance the growth of wheat plant, one of the most

important cereal crops. The healthy growth under wsCND

may be related to non-toxic effect of this wsCNDs to wheat

plants. Thus growth of wheat plant under such treatment is

a good observation as these cereals are rich in carbohy-

drates, protein, vitamins and minerals.
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