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Abstract 

Carbon nanotubes (CNTs) are a novel nanomaterial with wide potential applications; 

however the adverse effects of CNTs following environmental exposure have recently 

received significant attention. Herein, we explore the systemic toxicity and potential 

influence of 0–1000 mg L
−1

 the multi-walled CNTs on red spinach. CNTs exposed 

plants exhibited growth inhibition and cell death after 15 days of hydroponic culture. 

CNTs had adverse effects on root and leaf morphology, as observed by scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). Raman 

spectroscopy detected CNTs in leaves. Biomarkers of nanoparticle toxicity, reactive 

oxygen species (ROS), and cell damage in the red spinach were greatly increased 15 

days post-exposure to CNTs. These effects were reversed when CNTs were 

supplemented with ascorbic acid (AsA), suggesting a role of ROS in the CNT-induced 

toxicity and that the primary mechanism of CNTs’ toxicity is oxidative stress.  

 

Keywords: Multi-walled carbon nanotubes; Red spinach (Amaranthus tricolor L); 

Reactive oxygen species; Phytotoxicity; Ascorbic acid  

 



3 

 

1. Introduction 

Carbon nanotubes (CNTs) are increasingly used as key-materials for applications at 

industrial quantities to meet numbers of nano-technological demands [1, 2]. Concerning 

the possible human exposure, it is important to consider the uptake of CNTs in media 

and organisms that are routinely consumed by humans (e.g., plant, vegetables, and fish). 

While the tremendous positive impacts of nanotechnology are widely publicized, 

studies of potential threats or risks to human health and the environment are just 

beginning to emerge [3]. After penetrating the body through the food web, CNTs may 

be harmful to humans [4]. The unique nanometer-scale structure of CNTs is based on a 

graphene cylinder that is typically a few nanometers in diameter and can range in length 

from a few micrometers to millimeters [5]. Ingestion of the CNTs can result in adverse 

biological effects [6]. Parallel to CNTs, the so-called zero-dimensional nano-particles, 

such as carbon blacks, silica, titanium oxide, alumina, iron oxide, and zirconium oxide 

had been also investigated [7 – 9]; they were found to be toxic to plants but with 

relatively lower toxicity [10 - 13].  

Plants and plant cells showed high tendencies to accumulate CNTs [14, 15], 

making plants an important link in the pathway by which CNTs enter the food chain and 
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biological cycles [16]. Torney and co-wokers [17] demonstrated that CNTs can assist 

the delivery of biological molecules into plant cells. Abundant studies [18 - 21] have 

demonstrated that CNTs can cause pronounced toxicity to plants. Tan et al. [22] and 

Canas et al. [23] described seed germination and growth inhibition induced by CNTs in 

selected plants and plant cells. The higher sensitivity to CNTs may be a universal 

biological phenomenon, as it has also been observed in human [24], animal [25], and 

bacteria [26] systems. The threshold at which symptoms of toxicity become established 

differs widely among plant species, and the impact of nano-particles on different plant 

species can vary greatly, depending on the plant growth stage, the method and the 

duration of exposure, as well as on the nano-particle size, concentration, chemical 

composition, surface structure, solubility, shape, and aggregation [27]. The varying 

experimental conditions used in different studies make it difficult to rigidly classify 

plants into tolerance groups. Some broad generalizations are possible, but there is a vital 

need to examine the possible toxicity of CNTs to diverse crop species.  

Reactive oxygen species (ROS) generation and oxidative stress have been 

suggested as primary mechanisms by which CNTs alter plant cell growth [20, 28] . ROS 

generation and oxidative stress can lead to cell membrane, mitochondria, and DNA 
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damage [29], which could ultimately impact the whole organism in terms of 

development, reproduction, and viability. Response to oxidative stress involves the 

induction of antioxidant molecules and detoxification enzymes [30]. 

We conducted a preliminary screening to determine CNTs’ phytotoxicity toward 

seven plant species (chili, cucumber, lady’s finger, lettuce, red spinach, rice, and 

soybean) [31]. The vegetative plant red spinach was selected for further study, since its 

roots and leaves both displayed toxic symptoms and its small seed size results in a 

relatively large surface area to volume ratio, which is conductive to higher sensitivity to 

toxicants [32]. The present study investigated the adverse impact of CNTs on red 

spinach and discovered these effects to be mediated by oxidative stress, underscoring 

the importance of nanomaterial presentation to the phytotoxic response. We also 

showed, for the first time in an in vivo study, the alleviation of CNTs toxicity by 

treatment with the antioxidant ascorbic acid (AsA).  

 

2. Experimental 

2.1. Nanomaterials, chemicals, and seeds 
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The multi-walled CNTs were purchased from CNano Technology Ltd., China. The 

as-received, raw CNTs were powders with a loose agglomerate size of 0.1–0.3 mm, 

outer mean diameter of ~11 nm, inner mean diameter of ~4 nm, and length of >1 µm. 

The CNTs powders were first wetted overnight with deionized water at about 40 °C. 

The water-wetted CNTs powders were then milled into smaller sizes with a 

continuously operating bead-mill system, without adding any kind of dispersants 

(surfactants). The water-wetted milled CNTs were used throughout this study. For AFM 

(Atomic force microscopy), an Agilent Series 5500 AFM instrument was used. The 

samples were prepared by casting a diluted aqueous CNTs suspension on the surfaces of 

mica. The images were obtained using the tapping mode at a scanning rate of 1 Hz. The 

morphology of CNTs, root and leaf were investigated using S-4000 scanning electron 

microscope
 
(SEM) and a Hitachi H-800 Transmission electron microscope

 
(TEM). For 

analyzing the samples using SEM, a drop of the CNTs suspension were deposited on the 

aluminium stub, dried and sputter-coated before the analysis.
 
For the roots and leaves, 

the samples were fixed in 2.5% glutaraldehyde (GA)
 
and 2% paraformaldehyde (PA) in 

0.1 M phosphate buffer (PB) buffer (pH 7.4), post-fixed in
 
1% osmium tetroxide, 

dehydrated, critical-point dried and then sputter-coated. The samples were observed 

using a Hitachi S-4000 SEM
 
(Hitachi, Ibaraki, Japan) with an acceleration voltage of 10 

kV. For analyzing the samples using TEM, a drop of the suspension were deposited on 
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the TEM grid covered with a Formvar membrane, dried, and evacuated before the 

analysis. For root and leaf samples, the samples were fixed in 2.5% GA
 
and 2% PA in 

0.1 M PB buffer, pH 7.4, post-fixed in
 
1% osmium tetroxide, dehydrated, infiltrated 

with ethanol:Epon, embedded in pure Epon and polymerized at 60°C for 2 days. 

Ultra-thin sections were stained with 2% uranyl acetate and lead citrate. The 

preparations were observed using a Hitachi H-800 TEM. The acceleration voltage was 

75 kV. 

Chemicals used in this study were purchased from Kanto Chemical Co., Inc, 

Wako Pure Chemical Industries, Ltd., and Sigma Aldrich, Inc., Japan. Red spinach 

(Amaranthus tricolor L. and Amaranthus lividus L.) seeds were purchased from Dhaka, 

Bangladesh.  

2.2. Hydroponic culture and effects of CNTs on the growth of red spinach 

Seeds were sterilized (10 min) in a 10% sodium hypochlorite solution, washed with 

deionized water, and soaked overnight in CNTs solution (0, 125, 250, 500, and 1000 mg 

L
−1

) in the dark at 25 °C. Seeds were then placed on filter paper with 3 mL test solution 

in covered Petri dishes and incubated at 25 °C in the dark until germination. After 

germination, seedlings were transferred to plastic pots (12 plants per pot) for 15 days 
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hydroponic culture; pots contained 200 mL Modified Hoagland medium [33] with and 

without CNTs (0, 125, 250, 500, and 1000 mg L
−1

), with three replicates per treatment. 

In parallel, red spinach seedlings were also transferred to Hoagland medium 

supplemented with CNTs and AsA. At 1000 mg L
−1

, the CNTs solution was stable with 

very little settling. Solutions were manually agitated before use. The pH of media was 

adjusted to 6.0 and remained unchanged with time. After 15 days of treatment, the 

plants’ roots and shoots were separated, washed with water to remove the growth 

medium, and dried with a kimwipe to remove the surface water. Their lengths and fresh 

weights were recorded. Leaf numbers were counted and leaf areas (two plants leaf per 

pot) measured using a RHIZO 1004b instrument. We performed same experiment with 

carbon black as positive control. 

2.3. Effect of CNTs on cell death (Evans blue and electrolyte leakage)  

The cell death of CNTs-treated and untreated plant roots was tested as previously 

described by Baker and Mock [34], using Evans blue after 15 days of exposure. Cell 

death was measured spectroscopically after extraction of the Evans blue using 1% (w/v) 

SDS (sodium dodecyl sulfate) in 50% (v/v) methanol at 50 °C for 15 min. The 

absorbance of the extracted solution was obtained at a wavelength of 597 nm (V-530 
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UV/UISNIR Spectrophotometer, Jasco, Japan). Cell death was expressed as absorbance 

of treated roots in relation to untreated roots (control). 

Cell death was also evaluated by measurement of ion leakage from leaves. The 

percent of membrane injury was measured from the electrolyte leakage of treated and 

untreated plants by a conductivity method based on the procedure of Lutts et al. [35] 

and Begum et al. [28]. 

2.4. Detection of ROS (superoxide, hydrogen peroxide, and hydroperoxides) 

We used nitro blue tetrazolium (NBT) salt, a chromogenic redox indicator, to 

demonstrate the generation and release of superoxide anion [36]. We used 

3,3′-diaminobenzidine (DAB), to reveal hydrogen peroxide production [37] and we used 

the fluorogenic probe, 2′,7′-dichlorodihydrofluorescin diacetate (DCFH-DA), to detect 

hydroperoxides inside the cells [38]. CNTs-treated and untreated fresh leaves from 

15-day-old plants were placed in NBT and DAB-HCl, incubated under
 
vacuum for 2 h 

and ~8 h, respectively. An insoluble blue formazon compound was produced when NBT 

reacted with super oxide, and a deep reddish-brown polymerization product was 

produced when DAB reacted with H2O2; both could be visualized under a Transmit 

Light Microscope BX51 with an Olympus DP72 Camera after chlorophyll was removed 
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from the leaves by boiling 15 min in ethanol. The amount of deep reddish-brown 

polymerization product in leaves was measured spectrophotometrically at A700 (V-530 

UV/UISNIR Spectrophotometer, Jasco, Japan) after leaves were
 
ground in liquid 

nitrogen and solubilized in a mixture of 2
 
M KOH and DMSO at a ratio of 1:1.167 

(v/v). 

DCFH-DA was used for visualization and measurement of intracellular ROS by 

spectroscopy. Fresh leaves were incubated in DCFH-DA for 2 h for detection of ROS. 

After three PBS (phosphate-buffered saline) rinses, images were captured using 

fluorescence microscopy (Olympus IX70). We measured DCFH fluorescence intensity 

in the leaves using a spectrofluorometer (Hitachi F-4500) by suspending them in PBS 

buffer with an excitation wavelength at 485 nm and emission wavelength at 522 nm. 

The values were expressed as % of fluorescence intensity relative to control. This 

experiment was performed without exposure to light. 

2.5. Localization of CNTs inside leaves using Raman spectroscopy 

Fresh leaves were washed with distilled water several times and then dried at 60°C in an 

oven for one week and then analyzed using a Raman spectrometer. Vain and midrib 

areas were used. Raman scattering spectra were obtained with a Raman spectrometer 
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(inVia Raman Microscope RENISHAW, England) equipped with a charge-coupled 

detector and a 1800 l/mm grating. The excitation source was a diode laser (785 nm), 

focused with a 100× objective to an area of approximately 2 μm. Spectra were acquired 

in a single scan with an acquisition time of 500s. The spectra were analysed using 

WiRE3.2 software from Renishaw.    

2.6. Statistical analysis 

Each treatment was conducted in triplicate. Phytotoxicity endpoints for all 

measurements were compared to those of the untreated controls. Statistical analysis was 

performed using Student’s t-test with P ≤ 0.01 considered significant. All data are 

presented as mean ± SD (standard deviation). 

 

3. Results and discussion   

3.1. CNTs analysis 

Fig. 1 shows the (a) SEM, (b) TEM micrographs of the CNTs before and after 

dissolving into the modified Hoagland medium and (c) AFM image of the CNTs before 

dissolving into the modified Hoagland medium, depicts the morphology of the 
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water-wetted milled CNTs that were used in this study. Determination of relative metal 

(Fe, Co, Ni, Mn and Cr) concentrations of CNTs using inductively coupled plasma mass 

spectrometer (ICP-MS, Seiko-SPQ-6500, Tokyo, Japan). Data on quantitative analysis 

of the metal impurities (ppm in weight) for CNTs before and after dissolving into the 

modified Hoagland medium, we obtained below the detection limit of Fe, Co, Ni, Mn 

and Cr, only in modified Hoagland medium, Fe=174.53 and Mn=455.75, because the 

hydroponic solution containing the Fe and Mn. 

Fig. 1. here 

3.2. Effects of CNTs on the growth of red spinach 

We conducted a series of tests of the potential effects of the multi-walled CNTs on the 

seedling growth of red spinach. We performed same experiment with carbon black as 

control. Little or no effect of carbon black on parameters tested (seed germination and 

growth) was noted in our experiment. The following discussion is focused on the results 

obtained with CNTs. Compared to the untreated seeds; fully germinated seedlings with 

developed cotyledons and root system were retarded with increasing CNTs 

concentration, as shown in Fig. 2. Hydroponic exposure for 15 days to CNTs at 

different concentrations (0, 125, 250, 500 and 1000 mg L
−1

) resulted in toxicity 
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symptoms and retardation of plant growth, leaf number, and size with increasing CNTs 

concentration compared to control plants (Fig. 3a). Leaf color was greatly affected by 

CNTs treatment; as compared to the control, the red pigment was reduced at all given 

treatments and greatly reduced at high CNTs concentrations (500 or 1000 mg L
−1

) (Fig. 

3b). The color of the leaf blade also changed dramatically with increasing CNTs levels; 

the leaves became yellow (senescence) with wilting symptoms and sometimes exhibited 

blade curling (Fig. 3b). It has been shown previously that the expression of 

senescence-enhanced genes can be induced in plants by an increase in ROS, turning 

leaves yellow [39]. 

Fig. 2. here 

Fig. 3. here 

Heights and fresh weights of roots and shoots were all substantially reduced 

with increasing CNTs doses over control (Fig. 4), which is in good correlation with the 

findings of Stampoulis et al. [40] regarding the impact of five NMs, including CNTs, on 

the seed germination, root elongation, and biomass of Zucchini. We found that, 

compared to the control plants, CNTs concentrations of 125, 250, 500, and 1000 mg L
−1

, 

respectively, resulted in reduction in root height of 21%, 50%, 54%, and 68% (Fig. 4a); 
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shoot height reduction of 18%, 37%, 68%, and 73% (Fig. 4a); root weight decrease of 

63%, 94%, 95%, and 96% (Fig. 4b); shoot weight decrease of 65%, 87%, 96%, and 

97% (Fig. 4b); the number of leaves was reduced by 19%, 48%, 52%, and 57% (Fig. 

4c); and leaf area was reduced by 63%, 84%, 95%, and 96% (Fig. 4d). All control plants 

developed seven leaves each and remained red and healthy during the 15 days, whereas 

treated plants exhibited reduced leaf number and area and altered leaf shape, as the area 

was more suppressed than the length. Based on these results, we concluded that the 

addition of CNTs into the Hoagland medium caused toxic symptoms/visible changes in 

the red spinach, with the intensity of symptoms correlating to increasing CNTs 

concentration. This was consistent with our previously reported finding [28] that the 

vegetative biomass production of red spinach was reduced and showed toxic symptoms 

with increasing carbon nanoparticles (graphene) compared to control plants.  

Growth cessation of CNTs-treated plants may have been due to the major changes of 

root morphological parameters and destruction of root structure in response to various 

CNTs concentrations. Most of the previous studies reporting deleterious effects of 

CNTs on root growth were based merely on parameters like root elongation, fresh 

weights, and root hair [40] and [41]. The literature does report positive/negative effect 
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on seedling growth of higher plant species after exposure to carbon nanoparticles [28]. 

Nanoparticles toxicity depends on probably due to differences in root anatomy because 

xylem structures determine the speed of water transport and different xylem structures 

may demonstrate different uptake kinetics of nanoparticles [42]. 

Here we showed that plants can also respond to CNTs toxicity via changes in 

surface area, production or inhibition of lateral roots and tips, and variation in other 

morphological parameters.  

Fig. 4. here 

3.3. Cell death determination using Evans blue and electrolyte leakage 

We used the Evans blue staining method to detect cell death in 15-day-old fresh roots 

grown hydroponically with 0–1000 mg L
−1 

CNTs. Fig. 5a shows the results obtained 

after staining the root with Evans blue and discoloring with methanol. Plants treated 

with CNTs showed a higher capacity to fix the dye in comparison with control plants, 

and the measurement of the Evans blue showed concentration dependent induction (Fig. 

5a). Higher CNTs concentrations (500 and 1000 mg L
−1

) caused 4.0- and 5.9-fold 

higher Evans blue uptake, respectively, compared to that in control roots. Whereas, 
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lower concentrations (125 and 250 mg L
−1

) CNTs caused only 1.4- and 1.8-fold higher 

Evans blue uptake, respectively.   

Fig. 5. here 

We also used electrolyte leakage, an indicator of membrane damage, to show the 

extent of cell death. Fig. 5b shows that electrolyte started to leak from leaves treated 

with the lowest concentration of CNTs (125 mg L
−1

). Thereafter, the % of electrolyte 

leakage progressively increased, reaching its highest level at 1000 mg L
−1

 of CNTs. 

These results demonstrated that CNTs induced toxicity-associated bio-effects that 

produced the dose-dependent effect in Evans blue uptake and electrolyte leakage, both 

indicating cell death. ROS accumulation reportedly causes cell death that can be 

demonstrated by electrolyte leakage from cells and rapid rise of Evans blue uptake [43] 

and [28]. Hence, the present findings suggest that intracellular ROS might have a 

crucial role in CNTs-mediated induction of cell death.  

3.4. Oxidative stress assay 

ROS are key signalling molecules that can be induced by many exogenous stimuli [29]. 

We used ROS-sensitive dyes (DAB, NBT, and DCFH-DA) to evaluate the ROS 

accumulation induced by CNTs in 15-day-old fresh red spinach leaves. Compared to 
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controls, infiltration of CNTs-treated leaves with DAB and NBT resulted in deep 

reddish-brown polymerization (Fig. 6a–b) and blue formazon (Fig. 6d–e) respectively. 

This indicated the accumulation of H2O2 and super oxide, respectively, identifying cells 

in which the respective production rates were significantly greater than the 

detoxification rates.  

Fig. 6. here 

Infiltration of leaves with DCFH-DA allowed the detection of hydroperoxides. 

In untreated leaves there were few cells with fluorescence spots; fluorescence spots 

were significantly increased with increasing CNTs level (1000 mg L
−1

) (Fig. 6g–h), 

meaning that more cells were stressed and dead. This confirmed the results of DAB and 

NBT staining, that epidermis cells were experiencing oxidative stress. Measurement of 

DAB polymerization and DCFH fluorescence by spectrofluorometer demonstrated the 

increase in ROS content in CNTs-treated leaves (Fig. 6j–k) compared to control 

respectively. These results show an involvement of ROS in CNTs-induced cell death 

and correspond to previous findings regarding CNTs-potentiated ROS production in 

rice cell suspension [20]. Our results indicate that CNTs elicit ROS production that 
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appears to be required for phytotoxicity and precedes cell death via an apoptotic 

pathway or by necrosis. 

3.5. AsA treatment 

The above DAB, NBT, and DCFH-DA-based imaging (Fig. 6) indicated that CNTs 

induced a burst of ROS in susceptible plant leaves. ROS overproduction induced by 

carbon nanoparticles is a key elicitor of cell death [28]. This suggests the potential for 

toxicity reversal through treatment with antioxidants that can neutralize the harmful 

effects of ROS [44]. We assessed ROS generation in plants with the presence of CNTs 

and the antioxidant AsA to characterize AsA’s effect on CNTs-induced cell death and 

morphology changes. AsA is the most effective reducing substrate for ROS removal in 

plant cells [45]. Plants grown with CNTs (1000 mg L
−1

) and supplemented with 1000 

mg L
−1

 of AsA for 15 days were evaluated by DAB, NBT, and DCFH-DA staining, 

which confirmed almost complete protection (Fig. 6c, f, and i) against CNTs (1000 mg 

L
−1

 )-induced ROS (Fig. 6b, e, and h). Spectroscopic measurement of DAB 

polymerization and DCFH fluorescence confirmed the decrease in ROS content in 

CNTs-treated leaves supplemented with 1000 mg L
−1

 of AsA (Fig. 6j–k) compared to 

control respectively. AsA is a membrane-permeable ROS scavenger [46] that 
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suppresses ROS accumulation in plants; AsA treatment protects roots from salt 

stress-induced tomato root death and associated oxidative damage and also inhibits 

ROS-dependent root gravitropism [47] and [48]. In our study, AsA treatment 

significantly suppressed the production of DAB polymerization (Fig. 6c and j), NBT 

formazon (Fig. 6f), and DCF fluorescence spots (Fig. 6i and k), compared to plant 

leaves treated with CNTs (1000 mg L
−1

) alone (Fig. 6b, e, h, j and k). This indicates that 

oxidative stress is a major contributor to CNTs toxicity. AsA in combination with CNTs 

blocked the ROS increase, suggesting ROS inhibition as the mechanism of the observed 

resistance to CNTs-induced cell death, i.e., the antioxidant-defence mechanism. 

However, the exact mechanism involved in this resistance remains unclear.  

The CNTs-treated plants exhibited toxic symptoms with severely decreased 

plant growth after 15 days, whereas plants treated with CNTs and AsA exhibited normal 

growth, similar to the Hoagland medium only control group (data not shown). AsA is 

not only important in protection of plant from being damaged by ROS; it also influences 

plant growth and development [49]. As one of the well-known powerful electron donors, 

AsA is capable of neutralizing superoxide, peroxide and hydroxyl, the key ROS 

[50-52]. 
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The observation that AsA can inhibit CNTs-induced cell death is a major 

breakthrough. ROS-induced cell death is implicated in a number of developmental 

processes and stress responses, including leaf senescence, cell death of root cap cells, 

and some types of necrosis and HR, depending on the nature of the ROS species [53] 

and [54]. HR, a form of programmed cell death (PCD) occurs as a plant immune 

response to survive pathogen attack [55]. Dat et al. [54] and Jabs et al. [56] identified 

H2O2 and superoxide anion as initiators of PCD events and necrotic lesion formation, 

respectively. There is increasing evidence that various concentrations and durations of 

ROS exposure will lead to either necrosis or PCD [57] and [58]. Consequently, the 

cellular damage resulting from high ROS levels shows some typical hallmarks of 

necrosis, because phytotoxic levels of oxidants indiscriminately attack cellular 

constituents, leading to membrane leakage and cell lysis. 

3.6. Morphological observation of leaves and roots using light microscopy and 

SEM. 

Light microscopy and SEM were used to investigate leaf and root morphology. The 

15-day-old plants grown in CNTs-enriched hydroponic culture showed significant 

differences in the thickness and color of the midrib tissues (Fig. 7a–e). In controls, 
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leaves were healthy with red coloration (Fig. 7a). Increasing CNTs levels correlated 

with the leaf blade and vein color changing from red to blackish (Fig. 7b–e). At the 

highest CNTs level, the red color disappeared.  

Fig. 7. here 

Control plants had roots with prolific root hairs, undamaged root caps, and intact 

epidermis (Fig. 7f). The first evidence of CNTs toxicity at low concentrations included 

reduced number and length of root hairs and deformation of root caps, higher 

concentrations led to impaired thickening, CNTs adsorbed to plant roots, and formation 

of lateral root (Fig. 7g–j). It was recently demonstrated that seedlings in the presence of 

nanoparticles failed to develop root hairs, had broken epidermis and root caps, and 

exhibited adsorption of nanoparticles on the root surface [28] and [59].  

SEM analysis showed morphological evidence of broken midrib, with elongated, 

irregularly shaped cells and epidermis swelling at 500 mg L
–1

 CNTs (Fig. 8c–d). The 

epidermis and midrib of control leaves were smooth, regular in shape (Fig. 8a–b). Some 

stomata of the CNTs-treated red spinach leaves were identified as closed by SEM 

analysis (Fig. 8c). Stomata closure prevents water loss [60], leading to decreased CO2 

concentration inside the leaf. Lee et al. [61] demonstrated that pathogen-infected guard 
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cells may close their stomata via a pathway involving H2O2 production, thus interfering 

with the constant attack of pathogens through the stomatal pores. Plants commonly 

activate a variety of defence mechanisms against pathogen infection, often leading to 

production of ROS, such as superoxide and H2O2, which can in turn facilitate a 

hypersensitive response (HR) [62]. McAinsh et al. [63] observed that exogenously 

added superoxide and H2O2 inhibit stomatal opening and promote stomatal closing. 

Fig. 8. here 

The root surfaces of the control plants, observed by SEM, were properly 

developed (Fig. 8e–g). With CNTs (500 mg L
−1

), the outer cell layers forming the 

epidermis underwent the greatest changes (Fig. 8h–l). Many root cells exhibited 

damaged cell walls and root cap, cracks, loss of tissue, and the detachment of the outer 

cell layers (Fig. 8h–i). We observed CNTs accumulation on the cell wall (Fig. 8i), 

which may cause damage. The root diameters were increased in the presence of CNTs, 

possibly as a result of water absorbtion by CNTs [14]. The lateral roots were developed 

to the mitosis zone (Fig. 8h, double arrow indicates mitosis zone). The substantially 

reduced length of red spinach root hairs in the presence of CNTs, particularly in the 

elongation regions, could cause the formation of lateral roots close to the mitosis zone 
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(apical part) of the primary root; this is corroborated by the findings of Clune & 

Copeland, [64] relating to other plant species. Moreover, we observed the beginnings of 

lateral roots within a very close distance of the root mitosis zone, as well as increased 

lateral root production in this layer and lateral root damage. The existing literature 

describes no cases where lateral roots grow in the mitosis zone under the influence of 

CNTs. This could have resulted from the quick drying-off of the outer cell layers, 

including the epiblema (the epidermal cells of rootlets, specially adapted to absorb 

liquids).  

3.7. Morphological observations and localization of CNTs inside the roots and 

leaves using TEM and Raman spectroscopy 

Typical features of dead cells were found in the CNTs-treated leaves, including cell 

membrane breakage (Fig. 9c, arrow), and collapse of the vacuole (Fig. 9d, arrow). 

Chloroplasts of control leaves exhibited well-developed granum, thylakoid structures, 

and membranes (Fig. 9a). Leaves treated with 500 mg L
−1 

CNTs exhibited granum and 

thylakoid degradation (Fig. 9b), membranes damaged (Fig. 9b, outer and inner 

membrane of chloroplast, arrow) implying that these chloroplasts were in a state of 

disruption. ROS generation assessed by DCFH-DA, DAB, and NBT confirmed the 
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direct presence of ROS generated inside the leaf in plants grown with CNTs. ROS 

generation, chloroplast disruption and rapid cell death are all characteristics of HR [65].  

Fig. 9. here 

Carbon nanomaterials can penetrate the cell wall and cell membrane of intact plant cells 

[14] and [15]. Based on the assumption that nanotubes can penetrate the root and then 

translocate into the leaf, TEM and Raman spectroscopy was used to detect CNTs inside 

the roots and leaves of the treated plants respectively. TEM and light microscopic image 

showing CNTs uptake inside the root (Fig. 9e, arrow) and leaf midrib area (Fig. 9f, 

square) cell of red spinach respectively.  

The unique Raman spectrum of the CNTs and their strong scattering properties provide 

an exceedingly powerful tool for detecting graphitic materials, such as CNTs, inside a 

biological system [14]. The characteristic bands for CNTs are observed in the Raman 

spectra at 1330 cm
−1

, 1590 cm
−1

,
 
and 2640 cm

−1
 due to the D-band, G′-band, and 

2D-band, respectively (Fig. 9g). Our results clearly showed that CNTs could penetrate 

and translocate to different cellular compartments. Phytoremediation is a promising 

emerging technology. Red spinach that accumulates NMs in its roots and leaves, 
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represents promising potential for environment recovery to absorb NM pollutants from 

the environment.  

 

4. Conclusions 

In conclusion, our results provide clear experimental evidence that CNTs-induced growth reduction 

and toxicity are due to ROS. We found that CNTs cause HR-type necrotic lesions of leaf cells/tissue 

and changes of root and leaf morphology. ROS production is usually followed by the HR to 

pathogens, leading to rapid cell death (necrosis) [66]. It is well known that ROS generation can lead 

to protein, lipid, and DNA oxidation and to cell death [29], thereby preventing plant growth. The 

protection against CNTs-induced toxicity by the addition of AsA also supports that CNTs 

principally promote ROS generation. Using AsA in growth medium with CNTs reduced 

CNTs-induced browning/necrotic lesions of leaf tissue/cells and increased the growth to near that of 

the control plants, indicating potential applications for controlling ROS. Guidelines for the safe use 

of CNTs are critical issues in future studies, this shall include studies on the tolerance concentration 

for plants toward CNTs. Studies focussing on the use of plants for bioremediation of the 

nano-particle pollution is another topic being under taken in our groups. 
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Captions for Figures  

Fig. 1. (a) SEM, (b) TEM micrographs of the multi-walled CNTs before and after 

dissolving into the modified Hoagland medium and (c) AFM image of the CNTs before 

dissolving into the modified Hoagland medium. 

Fig. 2. Digital image of red spinach seeds after incubation with and without CNTs 

solution on filter paper for 5 days at 25 °C in the dark.  

Fig. 3. Morphological observations of seedlings exposed to CNTs (0-1000 mg L
−1

) for 

15 days. Digital image of (a) mature plants (b) leaves at different concentrations of 

CNTs.  

Fig. 4. Effects of CNTs (0-1000 mg L
−1

) on seedling growth. (a) Root and shoot length, 

(b) root and shoot weight, (c) leaf number, and (d) leaf area. Error bars represent 

standard deviation. Results are shown as means ± SD of 3 individual experiments. 

Fig. 5. Effects of CNTs on root (a, Evans blue) and leaf (b, electrolyte leakage) cell 

death after 15 days. Error bars represent standard deviation. Results are shown as means 

± SD of 3 individual experiments. 
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Fig. 6. Detection of ROS in growing leaves. 15 day-old fresh leaves treated with CNTs 

(0 and 1000 mg L
−1

) were used. (a–b) Staining using the 3–3'-diaminobenzidine (DAB) 

(40x). (d-e) Staining using the NBT (40x). (g-h) Staining with DCFH-DA (4x). (c, f and 

i) Plants were grown with CNTs (1000 mg L
−1

) and supplemented with 1000 mg L
−1

 of 

AsA for 15 days were used to compare the effects of AsA. (c) Staining with DAB (40x), 

(f) staining with NBT (40x), and (i) staining with DCFH-DA (4x). (j and k) Effect of 

CNTs (1000 mg L
−1

) on accumulation of H2O2 and hydroperoxides in treated leaves as 

measured using DAB and DCFH fluorescence respectively.  

Fig. 7. Light microscopic picture of 15 day-old leaves (a-e, 10x) and roots (f-j, 10x). 

Fig. 8. SEM observation of control and CNTs treated (500 mg L
−1

) leaf.  Control leaf 

(a) epidermis and (b) midrib, treated leaf (c) epidermis and (d) midrib. Control root (e) 

root cap and elongation zone, (f-g) root hair zone. Treated (h) root cap and elongation 

zone (white double arrow indicates mitosis zone), (i) root epidermis and (j) root hair 

zone. (k) Lateral root, (l) magnified root hairs zone.  

Fig. 9. TEM of control and CNTs treated (500 mg L
−1

) leaf and root. Control leaf (a) 

chloroplast, treated leaf (b) chloroplast, (c) cell membrane and (d) vacuole. Uptake of 

CNTs (e, arrow) by plant root cell. Light microscopic image of treated (500 mg L
−1

) 
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leaf (f, 40x). Raman spectrum of treated (500 mg L
−1

 CNTs) leaf obtained from 785 nm 

laser (g).  
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