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Abstract The potential effects of oxidized multi-
walled carbon nanotubes (0o-MWCNTSs) with a length
ranging from 50 to 630 nm on the development and
physiology of wheat plants were evaluated by exam-
ining their effects on seed germination, root elonga-
tion, stem length, and vegetative biomass at a
concentration ranging from 10 to 160 pg/mL in the
plant. Results indicated that after 7 days of exposure to
the o-MWCNTs medium, faster root growth and
higher vegetative biomass were observed, but seed
germination and stem length did not show any
difference as compared with controls. Moreover, a
physiological study was conducted at cellular level
using a traditional physiological approach to evidence
the possible alterations in morphology, the cell length
of root zone, and the dehydrogenase activity of
seedlings. Transmission electron microscopy images
revealed that o-MWCNTSs could penetrate the cell wall
and enter the cytoplasm after being taken up by roots.
The cell length of root zone for the seedlings
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germinated and grown in the o-MWCNTs (80 pg/
mL) medium increased by 1.4-fold and a significant
concentration-dependent increase in the dehydroge-
nase activity for the o-MWCNT-treated wheat seed-
lings was detected. These findings suggest that
0-MWCNTs can significantly promote cell elongation
in the root system and increase the dehydrogenase
activity, resulting in faster root growth and higher
biomass production.
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Introduction

Carbon-based materials such as carbon nanotubes
(CNTs), fullerene, and graphene are one of the most
fascinating nanomaterials with unique mechanical,
electrical, physical, and chemical properties, and in
recent years have aroused widespread interest among
researchers (Pillai et al. 2010; Wild and Jones 2009;
Jiang et al. 2011). The potential use of carbon-based
materials has been actively explored in some impor-
tant fields like biomedicine, biosensors, and tissue
engineering (Baby et al. 2011; Tan et al. 2009), but the
exploration of their extensive application in agricul-
ture and plant science has just been initiated (Nair et al.
2010; Kurepa et al. 2010). Recently, it has been found
that CNTs at relatively low doses can penetrate even
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thick seed coats, stimulate germination, and activate
enhanced growth of tomato plants (Khodakovskaya
et al. 2009). Moreover, CNTs can also work as an
effective nanocargo to deliver DNA and small mol-
ecules into tobacco cells (Liu et al. 2009a, b). There
are also reports about multiple nano-technological
applications of CNTs in agriculture, from agrochem-
ical treatments to genetic transformation for improved
plant disease resistance, efficient nutrient utilization,
and enhanced plant growth (Liu et al. 2010; Nair et al.
2010). Nevertheless, before the development of their
application in agriculture such as the “smart delivery
system”, the effects and behavior of carbon-based
materials on plant growth and development should be
properly identified.

Recently, some reports have been published about
the impact of carbon-based materials on plants,
focusing on several negative effects, but recent
experimental results are inconsistent with the previous
reports. It is reported that single-walled carbon
nanotubes (SWCNTSs) significantly retard root elon-
gation of tomato, cabbage, carrot, and lettuce in
24-48 h (Canas et al. 2008), but stimulate Arabidopsis
mesophyll cell growth at a concentration of 50 pg/mL
culture medium (Yuan et al. 2011). Multi-walled
carbon nanotubes (MWCNTs) have been found to
increase reactive oxygen species (ROS) and decrease
cell viability of rice plants (Tan et al. 2009). However,
the latest research indicates that MWCNTSs can
increase the growth rate of gram plant in every part
(Shweta et al. 2011).

From the above, we can see that although the
possible effects of carbon-based materials have raised
considerable attention, certain impacts of carbon-
based material on plants are still in debate. Addition-
ally, the water solubility of CNTs is a key factor when
considering their behavior in biological systems
(Rafeeqi and Kaul 2011). To better understand the
effects of CNTs on plant physiology and plant
development, the water solubility of CNTs must be
considered, and its biocompatible role in biological
systems should be addressed first before any agricul-
tural application is investigated. Therefore, it is still
very necessary to continue the exploration and iden-
tification of the effects of CNTs on plant growth and
physiology.

In this study, MWCNTSs after oxidization with
hydrochloric acid were used to evaluate their potential
effects on an agriculture plant, wheat (Triticum
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aestivum), one of the staple food crops for nearly half
the world’s population. The evaluation was focused on
the effects of o-MWCNTSs on the development and
physiology of wheat plants in seed germination, root
elongation, stem length, and vegetative biomass as
well as the morphology, the cell length, and the
dehydrogenase activity of seedlings. Results from this
research may help to reveal the effect and behavior of
0o-MWCNTs in living plants and further their appli-
cation in the field or laboratory.

Experimental section
Materials

MWCNTSs were purchased from Sigma- Aldrich (purity:
99 %, OD x Length 6-13 nm x 2.5-20 pm). 2,3,5-
triphenyltetrazolium chloride (TTC) was obtained from
Beijing Chemical Reagents Company (China). The
wheat seeds were purchased from a local seed company.

Instruments

The morphology of o-MWCNTs was inspected and
obtained by TEM (Hitachi H-7650, Japan), and the
morphological images of root tissues were obtained
using Tecnai G20 microscopy (FEI, Czech). The
Raman spectra of MWCNTs and cell images of
elongation zone in root system were obtained using
inVia Raman spectrometer (Renishaw, UK) equipped
with a confocal microscope (Leica, DM LM/P/
11888500, Germany). The excitation source was a
He—Ne laser (633 nm), focused with a 50x long focal
length objective microscope onto a spot size of
approximately 2 pym and providing a power of
2 mW on the sample. Fourier transform infrared
spectra (FT-IR) were collected on a Nicolet Avatar-
330 spectrometer (Thermo Nicolet, US) with 4 cm ™!
resolution using the KBr pellet technique. Particle size
distribution of MWCNTs and o-MWCNTs were
measured using a Zetasizer Nano ZS90 DLS system
(Malvern, England).

0-MWCNTSs preparation
Stable aqueous suspensions of purified, shortened, and

functionalized nanotubes were obtained by oxidation
and sonication, which were treated by following the
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standard procedure described in the literature (Liu
et al. 2009a, b). Briefly, 20 mg MWCNTs were added
to a 100 mL 3:1 concentrated H,SO4:HNOj5 solution.
Then the mixture was ultrasonicated for 8 h, followed
by centrifugation to remove larger unreacted impuri-
ties from the solution, a thorough rinse with pure water
and re-suspended in water by sonication for 20 min.

Plant materials and growth conditions

The effects of o-MWCNTSs on seed germination and
wheat seedlings growth were determined as follows.
Seeds were pregerminated and those with a similar size
were selected (Stampoulis et al. 2009). Seeds were
immersed in a 10 % sodium hypochlorite solution for
10 min and rinsed three times with deionized water to
ensure surface sterility. Next, the seeds were soaked in
deionized water or o-MWCNTs suspension solution for
about 5 h. One piece of filter paper was put into each
100 x 100 mm Petri dish, and 5 mL of o-MWCNTs
suspension (10, 20, 40, 80, and 160 pg/mL) was added.
After that, the seeds were transferred onto the filter
paper, with 10 seeds per dish and 1 cm or a larger
distance between each seed (Lin and Xing 2007). Petri
dishes were covered and sealed with tape, and the
seedlings were placed in a growth room maintained at
23 £+ 1 °Cinthe dark. 5 mL of o-MWCNTsSs suspension
were added every 3 days, and 5 mL water was added on
the other days. The seed germination was recorded when
nearly 65 % of control roots were 5-mm long or more
(Wang et al. 2001; Lopez-Moreno et al. 2010). The 4- or
7-day-old seedlings were washed, and the root elonga-
tion and the vegetative biomass were measured.

Root growth rate was defined as the daily growth in
root length (Lagrimini et al. 1997). The root lengths of
the seedlings in the o-MWCNTs (80 pg/mL) medium
were employed to determine the root growth rate every
24 h and successively for 5 days. The root growth rate
was calculated as follows: (final length — initial
length)/time (day).

Morphological observation by TEM

The root tissues were further observed by TEM to
examine whether o-MWCNTs entered the plant cells.
When 7-day-old seedlings incubated in o-MWCNTSs
(80 pg/mL) were obtained, their clean root samples were
cut open, prefixed in 3.5 % glutaraldehyde, washed with
0.1 mol/L pH 7.0 phosphate buffers, and postfixed in

1.0 % osmium tetroxide. After fixation, the tissues were
dehydrated in an ascending ethanol series, and embedded
in Spurr’s resin. Finally, the thin sections were excised
from the embedded samples using an ultramicrotome
equipped with a diamond knife, and the ultrathin sections
were mounted on copper grids for TEM examination (Lin
et al. 2009a, b; Lin and Xing 2008).

Microscopy observations

Wheat seeds were placed in water (control) and water
supplemented with o-MWCNTs (80 pg/mL). Then the
7-day-old seedlings were observed under a micro-
scope, and the mean value of the cell length was
determined by measuring at least 200 cells in the root
elongation zone from six independent seedlings (Fi-
lippo et al. 2006), where the samples were prepared as
follows: fresh wheat roots were first thoroughly
washed with deionized water and then the primary
roots were excised at 10-20 mm from root tips and
fixed immediately in a freshly prepared mixture of
absolute ethyl alcohol and glacial acetic acid (3:1, v/v)
for 24 h before being stored under refrigeration in
70 % ethyl alcohol as preservative solution for further
use in cytological studies (Lin and Xing 2008).

Dehydrogenase activity assays

Dehydrogenase activity was tested using TTC reduc-
tion to triphenylformazan (TPF) (Li 2000; Liu et al.
2008). The surface of white young roots was washed
and dried with blotting paper, and their fresh weights
were measured. The roots were first placed in tubes
filled with 0.4 % TTC and phosphate buffers
(0.06 mol/L, pH 7.0), and then were incubated at
37 °C for up to 3 h followed by the addition of 1 mol/
L sulfuric acid into the tubes, and the extraction with
TPF. The optical density (OD) values of TPF were
recorded at 485 nm, and were used to calculate the
equivalent TPF concentrations with which the dehy-
drogenase activity for each fresh root weight was
calculated as follows:

Dehydrogenase activity (TPF ug g=' FW h™') =
TPF reduction (pg)/fresh weight (g)/time (h).

Statistical analysis

Each treatment was performed in four replicates and
arranged in a completely random design. The data for
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all figures were represented as mean values £ SE
(standard errors). The statistical analysis of experi-
mental data was conducted using SAS 8.1 software,
and the statistical significance was determined by the
p value <0.05 (or <0.01) in a Student’s 7 test.

Results and discussion
Characterization of o-MWCNTs

Currently, the aggregation and agglomeration of
CNTs are a major obstacle to their practical applica-
tions (Lee et al. 2011; Kurval et al. 2011), but it has
been found that o-MWCNTs in concentrated acid can
render the CNTs solubility either in aqueous or
organic phase by attaching carboxylic groups directly
to the CNTs (Lee et al. 2011; Liu et al. 2009a, b).
o-MWCNTs were obtained by being immersed in
concentrated acid and sonicated for 8 h. The mor-
phologies and structures of the MWCNTs and
0-MWCNTs were characterized with Raman spectra,
FT-IR spectra, and TEM, respectively.

The Raman spectra of the MWCNTs functionalized
by concentrated acid are shown in Fig. 1a. The typical
characteristic bands for MWCNTs are the G band and
the D band, while the G band between 1500 and
1605 cm™" is related to the vibration of sp*-bonded
carbon atoms in a two-dimensional hexagonal lattice,
while the D band around 1310 and 1350 cm™' is
associated with the vibration of disordered sp®-bonded
carbon atoms (Qiu et al. 2008). The ratio of the
intensity of D and G bands (Ip/lg) can be taken as a

measure of the degree of chemical functionalization.
Asindicated in Fig. 1a, the relative intensities of the G
and the D bands (Ip/Ig) of o-MWCNTs and pristine
MWCNTs were found to be 1.48 and 1.42, respec-
tively. The value of Ip/lg increased after acid func-
tionalization, indicating the occurrence of a grafting
reaction and the presence of a higher degree of defects
for o-MWCNTs (Saleh et al. 2008).

FT-IR spectroscopy can identify organic functional
groups on a MWCNTSs’ surface by measuring charac-
teristic vibrational modes, and the FT-IR spectra were
used to further characterize the o-MWCNTs and
pristine MWCNTS. The peaks at 1730 and 1220 cm ™"
corresponded to C=0 and C-O stretching (Fig. 1b),
respectively, while no signals were observed at 1730
and 1220 cm ™' peaks in pristine MWCNTS, indicat-
ing the successful introduction of carboxylic groups on
the surface of MWCNTSs during nitric acid oxidation
(Wepasnick et al. 2010; Pillai et al. 2010).

We observed that pristine MWCNTs are insoluble in
water, but the o-MWCNTs can be dispersed to form a
homogeneous black solution, which was found to be
stable after being stored for 7 days. (Figure la—c in
Supplementary material). The morphologies of
MWCNTs before and after oxidation were investigated
by TEM. The images revealed that the o-MWCNTS are
shorter than pristine MWCNTs (Figure 1d, e in Sup-
plementary material). The solubility and stability of
MWCNTs were examined through dynamic light
scattering (Figure 1f—h Supplementary material), where
the MWCNTs and o-MWCNTSs were present as tube
bundles with the length ranging from 100 to 5500 nm
and 50 to 630 nm, respectively, indicating that
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Fig. 1 a Raman and b FT-IR spectra of pristine MWCNTs and o-MWCNTs
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0-MWCNTs are shorter than MWCNTs. This result has
confirmed the TEM observation that oxidation induces
significant shortening of the MWCNTs. After being
stored for 7 days, the length distribution of o-MWCNT's
ranges from 50 to 820 nm, suggesting that the stored
0o-MWCNTs solution is relatively stable (Lin et al.
2009a, b; Saleh et al. 2008).

Effects of o-MWCNTS on root elongation
and wheat seedlings growth

To test whether o-MWCNTSs could affect root elon-
gation and wheat seedling growth, sterile seeds were
placed on Petri dishes supplemented with different
concentrations of o-MWCNTs suspension (10, 20, 40,
80, and 160 pg/mL), while water was for control
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Fig. 2 Seeds with and without exposure to o-MWCNTs.
a Relative root length of wheat seedlings grown on media with
and without o-MWCNTs for 1 week. b Phenotypes of wheat
seeds incubated for 4 days on media (a) without or (b) with
0o-MWCNTs and phenotypes of 7-day-old wheat seedlings
grown on media (c) without and (d) with o-MWCNTSs. ¢ The

experiments. The relative root length of seeds that
were grown on o-MWOCNTs suspensions were
enhanced by 50 % on the third day and 32 % on the
7th day (Fig. 2a). The effect was especially pro-
nounced at concentrations of 40, 80, and 160 pg/mL
of o-MWCNTs. As demonstrated in Fig. 2b, the roots
are obviously longer in seedlings treated with
0-MWCNTs than in the controls on the 4th and 7th
day after germination.

The difference in root elongation between control
and o-MWCNT-treated plants was further investi-
gated by examination of the root growth rate. The root
growth rate for young wheat seedlings (<5 days after
germination) was observed by direct measurement of
the root length over time (Fig. 2¢). The root elongation
rate per day was approximately constant at about
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growth rate of roots at a concentration of 80 pg/mL
0-MWCNTs. d Vegetative biomass of wheat seedlings grown
on media with and without o-MWCNTs. Results are shown as
mean values £+ SE of measurements of 10 plants per condition.
Where appropriate, statistical significance is indicated:
*p < 0.05; **p < 0.01
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0.7 cm per day for control plants throughout the
observation period, while the root growth rate of
seedlings exposed to o-MWCNTs (80 pg/mL) on the
second and the third day after germination increased
significantly to 2 and 1.3 cm per day, respectively.
When compared with controls, the root growth rate
remained higher but the difference was not statistically
significant on the 4th and 5th day after germination.

The effects of o-MWCNTSs were also investigated on
the vegetative biomass of seedlings and it was found that
wheat seedlings germinated and developed on media
with different concentrations of o-MWCNTs (10, 20,
40, 80, and 160 pg/mL) exhibited a significant increase
in vegetative biomass (Fig. 2d). The total biomass of
plant vegetation (leaves, stems, and roots) of the
seedlings germinated and grown on o-MWCNTSs media
increased approximately by 30-40 % compared with
seedlings grown in water.

Seed germination was not significantly affected by
0-MWCNTs, despite a higher germination percent-
age for seeds treated with nanoparticles in 24 and
48 h (Figure 2a, b in Supplementary material). The
0-MWCNTs-exposed wheat seedlings presented a sim-
ilar stem length when compared with the control, and
despite longer stems of wheat seedlings at o-MWCNTs
concentrations of 20 and 40 pg/mL, the difference was
not as significant as that of roots (Figure 2c, d in
Supplementary material).

From our analyses, it can be concluded that
0-MWCNTs, after a short-term exposure to wheat
plants and under our experimental conditions, stimu-
lated root growth and increased vegetative biomass, but
did not induce any significant change in seed germina-
tion and stem length as compared with controls.

Our results contradict several prior studies on rice
cells and Arabidopsis T87 cells in that MWCNTs had
toxic effects on the cells of rice and Arabidopsis. The
observed negative effects on cells seemed to be linked
to the increase of reactive oxygen species (ROS) and
the decrease of cell viability (Tan et al. 2009; Lin et al.
2009a, b). According to other previous studies,
MWCNTs, after a short-term exposure to six higher
plant species (radish, rape, ryegrass, lettuce, corn, and
cucumber), did not induce any significant change in
seed germination and root growth (Lin and Xing
2007). As for the positive effects of MWCNTSs on
plant growth and development, our results have
confirmed the previous reports that MWCNT-treated
gram increases the growth rate in every part of the
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plant (Shweta et al. 2011), and that MWCNTSs can
increase the germination percentage and enhance the
growth of seedlings of tomato plants (Khodakovskaya
et al. 2009). Therefore, the effects of CNTs on the
plant growth and development are dependent upon
plant species, the applied concentrations, the specific
conditions of experiments, and the impact of surface
properties (Khodakovskaya et al. 2009; Castiglione
et al. 2010).

Cell elongation is the primary and obligatory
growth process of root growth (Antipova et al.
2003); and dehydrogenase activity is an indicator of
root vitality and can be responsible for the water
uptake and higher biomass production (Taniguchi
et al. 2008). Based on our observations, it can be
deduced that -MWCNTs, after being taken up by the
roots, play an active role in root elongation and
dehydrogenase activity probably by regulating the
water uptake of wheat seedlings. To better character-
ize the potential impact of o-MWCNTs on our
systems, physiological analysis was performed as a
reliable method to test the effects of activation of
o-MWCNTs on root elongation and vegetative bio-
mass of wheat seedlings, base on the detection of
morphology, the cell length of root zone, and the
activity of dehydrogenase of seedling after treatment
with o-MWCNTs.

Morphological observations

To better understand the effects of activation of
0-MWCNTs on root elongation and vegetative biomass
of wheat seedlings, we employed TEM to examine the
presence of o-MWCNTs inside roots exposed to
0-MWCNTs and compared them with controls, because
the TEM imaging can help increase the understanding of
how o-MWCNTs enter cells, where they migrate, and
their fate after uptake (Tan et al. 2009). For this
experiment, 80 pg/mL of o-MWCNTs was selected to
culture seedlings. After 7 days of o-MWCNTSs expo-
sure, it was found that o-MWCNTSs could traverse the
cell wall and enter the cellular cytoplasm. As shown in
Fig. 3b, the morphologies of several o-MWCNTs are
clearly distributed in the cytoplasm, but o-MWCNTs are
completely missing in the images of the control samples
(Fig. 3a). These findings suggest that o-MWCNTs can
penetrate cell membranes after being taken up by roots
of wheat seedlings.
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Fig. 3 TEM images of the root system of 7-day-old wheat seedlings grown on media a without -MWCNTSs and b with o-MWCNTs.
Red arrows indicate o-MWCNTS; yellow arrows indicate the membrane; and the green arrow indicates cell wall. (Color figure online)

However, the -MWCNTSs were not observed in the
stems or leaves when parts of the grown plants were
further analyzed by TEM (data not shown), which
indicates that the o-MWCNTs can hardly be translo-
cated to these parts of wheat seedlings. Our results
agree with Khodakovskaya et al. (2009), in that the
CNTs could penetrate the root systems of tomato
seedlings, but were not present in stems and leaves.

0o-MWCNTs can promote cell elongation in root
elongation zone

As cell elongation is a very important event in root
growth (Antipova et al. 2003), we further investigated
the growth of the seedling roots at the cellular level.
7-day-old seedling roots were directly imaged under a
microscope with a maximum magnification of 400-fold,
and the length of cells in the elongation zone was found
to have increased significantly in wheat seedlings
germinated and developed on o-MWCNTSs media. The
representative images of cell dimensions are shown in
Fig. 4, and the length of root cells of the seedlings
treated with o-MWCNTs (Fig. 4b) increased by 1.4-
fold compared to controls (Fig. 4a). This result demon-
strates that the increase in root elongation observed in
the seedlings exposed to o-MWCNTSs could be attrib-
uted to the promotion of cell elongation in the elongation
zone created by o-MWCNTs.

To the best of our knowledge, only two research
groups have, till now, published studies on the effects

of carbon-based materials on plant physiology at
cellular level. Liu et al. (2010) revealed that phyto-
toxic effects of fullerene would cause the retarded root
growth in cellular morphology, and Khodakovskaya
et al. (2011) investigated the uptake and translocation
of MWCNTs in roots, leaves, and fruits down to the
cell level. However, based on the information avail-
able, the mechanism of the effect of o-MWCNTSs on
cell elongation in the root zone is not clear yet. It is
possible that o-MWCNTSs can affect hormone distri-
bution or microtubule organization (Liu et al. 2010).
Therefore, further studies at the cellular level are
needed to fully understand the complex interaction
between o-MWCNTs and plants.

0-MWCNTs can improve the dehydrogenase
activity of wheat plants

Dehydrogenase activity is a comprehensive assess-
ment index that reflects the metabolic activity level
and the ability of roots to absorb nutrients and water
(Taniguchi et al. 2008). Here, the dehydrogenase
activity of root was measured in the following way.
Roots were exposed to different concentrations of
o-MWCNTs, and the percentage of viability was
calculated considering the OD values at 485 nm after
7 days of incubation. Figure 5 shows the typical data
for the roots exposed to different concentrations of
o-MWCNTs. In the presence of o-MWCNTs, a
concentration-dependent increase in the activity of
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Fig. 4 Microscopy images of the elongation zone in the root of the seedlings grown on media a without and b with 80 pg/mL

0-MWCNTs

dehydrogenase was noted. The result suggests that
0-MWCNTs can significantly enhance root dehydro-
genase activity, which in turn enhances the ability of
water uptake of the seedlings. This finding has
confirmed in part some previous studies that SWCNT,
after being aligned along and attached to the root
surface or an inner portion of root, can enhance the
capillary action of water absorption, which leads to the
faster growth in gram plants (Shweta et al. 2011), and
that CNTs can increase the germination percentage
and enhance the growth of seedlings because it can
support water uptake inside seeds by creating new
pores for water permeation by penetrating seed coat
(Khodakovskaya et al. 2009). Therefore, CNTs can act

Relative dehydrogenase
activity (R/Rg)

0 10 20 40 80 160
Concentration of O-MWCNTs

Fig. 5 Dose-dependent effects of o-MWCNTSs on dehydroge-
nase activity
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as molecular channels for water (Liu et al. 2009a, b),
supporting water uptake and enhancing plant growth.
Based on our results, it can be concluded that the
improved root dehydrogenase activity induced by
0-MWCNTs can enhance the seedlings ability of
water uptake.

However, the mechanism by which o-MWCNTSs
increase the activity of root dehydrogenase is not clear
yet. One possible explanation is that o-MWCNTs may
promote the dehydrogenase electron-transfer reaction.
According to previous studies, the purification of CNTs
with oxidizing acids such as nitric acid creates surface
acid sites that mainly contain carboxylic groups on both
the internal and the external surfaces of the o-MWCNTs
(Chen et al. 2001). The high surface area created by
abundant acidic sites can absorb a wide range of active
molecules, including protein, amino acids (Rafeeqi and
Kaul 2011), peptides, and nucleic acids as well as other
enzymes such as lysozyme (Merli et al. 2011), horse-
radish peroxidase (Yu et al. 2003), and glucose oxidase
(Guiseppi-Elie et al. 2002), making them more biocom-
patible and retaining the bioactivity of active molecules.
It is also found that the surface-modified MWCNTs can
induce the increase of electrical conductivities (Lee
et al. 2011), and that CNTs exhibit a strong and stable
electrocatalytic response toward glucose and NADH
due to their high surface area and good electron-transfer
rate (Baby et al. 2011; Musameh et al. 2002; Ye et al.
2011). Furthermore, Britto and co-workers used den-
sity-functional theory calculation and molecular
dynamics simulations to study the microscopic mech-
anism of electron transfer on nanotubes, and found that
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the electrocatalytic activation of oxygen reduction
resulted from the presence of topological defects in
the lattices, which would act as electrophilic reaction
sites and provide higher local electron density (Britto
etal. 1999). Similarly, in our experiment, the relatively
higher water content of plants could promote molecular
mobility such as dehydrogenase in root cells (Zeng et al.
2010). On the other hand, the o-MWCNTs could absorb
dehydrogenase to the sidewall and provide higher local
electron density, thus effectively promoting the charge
transfer in the process of oxygen reduction reaction,
which leads to the increase of dehydrogenase activation.

Conclusion

In summary, the effects of o-MWCNTSs on wheat plants
were investigated in detail. It was experimentally
observed in this study that the o-MWCNTs can
significantly enhance the root growth and the vegetable
biomass in the seedling stage, and it can be concluded
temporarily that o-MWCNTs promote cell elongation in
the root system and improve the activity of root
dehydrogenase after being taken up by wheat plants,
which could lead to faster root growth and higher
biomass production. This study is important not only
from the perspective of the application of nanoparticles
in agricultural sciences, but also for the new insights
presented to advance our understanding of the interac-
tion mechanism between nanomaterials and plants.
Further studies involving interdisciplinary approaches
are required to reveal the exact mechanisms and the
ultimate influences of such interaction at different stages
of plant growth such as flowering and fruit ripening.

Acknowledgments The authors gratefully acknowledge the
support for this research by National Natural Science
Foundation of China (20975042, 21175051), the Fundamental
Research Funds for the Central Universities of China
(2010PY009, 2011PY139) and Natural Science Foundation of
Hubei Province Innovation Team (201 1CDA115).

References

Antipova OV, Bartova LM, Kalashnikova TS, Obroucheva NV,
Voblikova VD, Muromtsev GS (2003) Fusicoccin-induced
cell elongation and endogenous fusicoccin-like ligands in
germinating seeds. Plant Physiol Biochem 41(2):157-164

Baby TT, Ramaprabhu S (2011) Non-enzymatic amperometric
glucose biosensor from zinc oxide nanoparticles decorated
multi-walled carbon nanotubes. J Nanosci Nanotechnol
11(6):4684-4691

Britto PJ, Santhanam KSV, Julio AR, Alonso JA, Ajayan PM
(1999) Improved charge transfer at carbon nanotube elec-
trodes. Adv Mater 11(2):154-157

Canas JE, Long MQ, Nations S, Vadan R, Dai L, Luo MX,
Ambikapathi R, Lee EH, Olszyk D (2008) Effects of
functionalized and nonfunctionalized single-walled carbon
nanotubes on root elongation of select crop species.
Environ Toxicol Chem 27(9):1922-1931

Castiglione MR, Giorgetti L, Geri C, Cremonini R (2010) The
effects of nano-TiO, on seed germination, development
and mitosis of root tip cells of Vicia narbonensis L. and Zea
mays L. J Nanopart Res. doi:10.1007/s11051-010-0135-8

Chen RJ, Zhang Y, Wang D, Dai H (2001) Noncovalent sidewall
functionalization of single walled carbon nanotubes for
protein immobilization. J Am Chem Soc 123(16):3838-3839

Filippo P, Michael T, Mireille DM, Claude P, Christoph D
(2006) Two cell wall associated peroxidases from Ara-
bidopsis influence root elongation. Planta 223(5):965-974

Guiseppi-Elie A, Lei CH, Baughman RH (2002) Direct electron
transfer of glucose oxidase on carbon nanotubes. Nano-
technology 13(5):559-564

Jiang YJ, Jin C, Yang F, Yu XJ, Wang GJ, Cheng S, Di Y, Li J,
Fu DL, Ni QX (2011) A new approach to produce amino-
carbon nanotubes as plasmid transfection vector by [2 + 1]
cycloaddition of nitrenes. J Nanopart Res 13(1):33-38

Khodakovskaya M, Dervishi E, Mahmood M, Xu Y, Li ZR,
Watanabe F, Biris AS (2009) Carbon nanotubes are able to
penetrate plant seed coat and dramatically affect seed ger-
mination and plant growth. ACS Nano 3(10):3221-3227

Khodakovskaya MV, De Silva SK, Nedosekin DA, Dervishic E,
Birisa AS, Shashkovb EV, Galanzhab EI, Zharov VP
(2011) Complex genetic, photothermal, and photoacoustic
analysis of nanoparticle—plant interactions. Proc Natl Acad
Sci USA 108(3):1028-1033

Kurepa J, Paunesku T, Vogt S, Arora H, Rabatic BM, Lu JJ,
Wanzer MB, Woloschak GE, Smalle JA (2010) Uptake and
distribution of ultrasmall anatase TiO, alizarin red S
nanoconjugates in Arabidopsis thaliana. Nano Lett 10(7):
2296-2302

Kurval SS, Kathi J, Rhee KY, Park SJ (2011) A complete green
protocol: wrapping of multiwall carbon nanotubes with silver
nanoparticles. J Nanosci Nanotechnol 11(5):4463-4465

Lagrimini LM, Joly RJ, Dunlap JR, Liu TY (1997) The conse-
quence of peroxidase overexpression in transgenic plants
on root growth and development. Plant Mol Biol 33(5):
887-895

Lee BW, Park CH, Song JH, Yj Kim (2011) Controlling the
shapes and electrical conductivities of polyaniline-wrap-
ped MWCNTSs. J Nanosci Nanotechnol 11(7):6089-6094

Li HS (2000) Principles and techniques of plant physiological
experiment. Higher Education Press, Beijing, pp 119-120
(in Chinese)

Lin DH, Xing BS (2007) Phytotoxicity of nanoparticles: inhi-
bition of seed germination and root growth. Environ Pollut
150(2):243-250

Lin DH, Xing BS (2008) Root uptake and phytotoxicity of ZnO
nanoparticles. Environ Sci Technol 42(15):5580-5585

@ Springer


http://dx.doi.org/10.1007/s11051-010-0135-8

Page 10 of 10

J Nanopart Res (2012) 14:841

Lin C, Fugetsu B, Watari F, Su YB (2009a) Studies on toxicity
of multi-walled carbon nanotubes on Arabidopsis T87
suspension cells. J] Hazard Mater 170(2-3):578-583

Lin S, Reppert J, Hu Q, Hudson JS, Reid ML, Ratnikova TA,
Rao AM, Luo H, Ke PC (2009b) Uptake, translocation, and
transmission of carbon nanomaterials in rice plants. Small
5(10):1128-1132

Liu RX, Zhou ZG, Guo WQ, Chen BL, Oosterhuis DM (2008)
Effects of N fertilization on root development and activity
of water-stressed cotton (Gossypium hirsutum L.) plants.
Agric Water Manag 95(11):1261-1270

Liu B, Li XY, Li BL, Xu BQ, Zhao YL (2009a) Carbon nano-
tube based artificial water channel protein: membrane
perturbation and water transportation. Nano Lett 9(4):
1386-1394

Liu QL, Chen B, Wang QL, Fang XH, Lin JX (2009b) Carbon
nanotubes as molecular transporters for walled plant cells.
Nano Lett 9(3):1007-1010

Liu QL, Zhao YY, Wan YL, Zheng JP, Zhang XJ, Wang CR,
Fang XH, Lin JX (2010) Study of the inhibitory effect of
water-soluble fullerenes on plant growth at the cellular
level. ACS Nano 4(10):5743-5748

Lopez-Moreno ML, De la Rose G, Hernandez-Viezcas JA,
Castillo-Michel H, Botez CE, Peralta-Videa JR, Gardea-
Torresdey JL (2010) Evidence of the differential bio-
transformation and genotoxicity of ZnO and CeO, nano-
particles on soybean (Glycine max) plants. Environ Sci
Technol 44(19):7315-7320

Merli D, Ugonino M, Profumo A, Fagnoni M, Quartarone E,
Mustarelli P, Visai L, Grandi MS, Galinetto P, Canton P
(2011) Increasing the antibacterial effect of lysozyme by
immobilization on multi-walled carbon nanotubes.
J Nanosci Nanotechnol 11(4):3100-3106

Musameh M, Wang J, Merkoci A, Lin YH (2002) Low-potential
stable NADH detection at carbon-nanotube-modified glassy
carbon electrodes. Electrochem Commun 4(10):743-746

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y, Kumar
DS (2010) Nanoparticulate material delivery to plants.
Plant Sci 179(3):154-163

Pillai SK, Ramontja J, Ray SS (2010) Controlled two-step amine
functionalization of multi-walled carbon nanotubes for the
preparation of polylactide/carbon nanotubes composites.
Adv Sci Lett 3(2):117-122

Qiu J, Wang GJ, Zhao CX (2008) Preparation and character-
ization of amphiphilic multi-walled carbon nanotubes.
J Nanopart Res 10(4):659-663

Rafeeqi T, Kaul G (2011) Elucidation of interaction between
multi-walled carbon nanotubes and cell culture medium by

@ Springer

spectroscopy supports biocompatibility of these nanotubes.
Adv Sci Lett 4(2):536-540

Saleh NB, Pfefferle LD, Elimelech M (2008) Aggregation
kinetics of multiwalled carbon nanotubes in aquatic sys-
tems: measurements and environmental implications.
Environ Sci Technol 42(21):7963-7969

Shweta T, Sumit KS, Sabyasachi S (2011) Growth stimulation of
gram (Cicer arietinum) plant by water soluble carbon nano-
tubes. Nanoscale 3:1176-1181. doi:10.1039/cOnr00722f

Stampoulis D, Sinha SK, White JC (2009) Assay-dependent
phytotoxicity of nanoparticles to plants. Environ Sci
Technol 43(24):9473-9479

Tan XM, Lin C, Fugetsu B (2009) Studies on toxicity of multi-
walled carbon nanotubes on suspension rice cells. Carbon
47(15):3479-3487

Taniguchi T, Kataoka R, Futai K (2008) Plant growth and
nutrition in pine (Pinus thunbergii) seedlings and dehy-
drogenase and phosphatase activity of ectomycorrhizal
root tips inoculated with seven individual ectomycorrhizal
fungal species at high and low nitrogen conditions. Soil
Biol Biochem 40(5):1235-1243

Wang XD, Sun C, Gao SX, Wang LS, Han SK (2001) Validation
of germination rate and root elongation as indicator to
assess phytotoxicity to with Cucumis sativus. Chemo-
sphere 44(8):1711-1721

Wepasnick KA, Smith BA, Bitter JL (2010) Chemical and
structural characterization of carbon nanotube surfaces.
Anal Bioanal Chem 396(3):1003-1014

Wild E, Jones KC (2009) Novel method for the direct visuali-
zation of in vivo nanomaterials and chemical interactions
in Plants. Environ Sci Technol 43(14):5290-5294

Ye SF, Wang YW, Jiao F, Zhang HG, Lin CL, Wu YH, Zhang QQ
(2011) The role of NADPH oxidase in multi-walled carbon
nanotubes-induced oxidative stress and cytotoxicity in human
macrophages. J Nanosci Nanotechnol 11(5):3773-3781

Yu X, Chattopadhyay D, Galeska I, Papadimitrakopoulos F,
Rusling JF (2003) Peroxidase activity of enzymes bound to
the ends of single-wall carbon nanotube forest electrodes.
Electrochem Commun 5(5):408-411

Yuan HG, Hu SL, Huang P, Song H, Wang K, Ruan J, He R, Cui
DX (2011) Single walled carbon nanotubes exhibit dual-
phase regulation to exposed Arabidopsis mesophyll cells.
Nanoscale Res Lett. doi:10.1007/s11671-010-9799-3

Zeng M, Wu YQ, Gao HN, Fan LR, Mangave C, Lourdin D
(2010) Influence of dehydration treatment on intermolec-
ular interaction and morphology of pills prepared from
proteins and corn starch. Sci Adv Mater 2(4):514-521


http://dx.doi.org/10.1039/c0nr00722f
http://dx.doi.org/10.1007/s11671-010-9799-3

	Multi-walled carbon nanotubes can enhance root elongation of wheat (Triticum aestivum) plants
	Abstract
	Introduction
	Experimental section
	Materials
	Instruments
	o-MWCNTs preparation
	Plant materials and growth conditions
	Morphological observation by TEM
	Microscopy observations
	Dehydrogenase activity assays
	Statistical analysis

	Results and discussion
	Characterization of o-MWCNTs
	Effects of o-MWCNTs on root elongation and wheat seedlings growth

	Morphological observations
	o-MWCNTs can promote cell elongation in root elongation zone
	o-MWCNTs can improve the dehydrogenase activity of wheat plants
	Conclusion
	Acknowledgments
	References


