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AbstrAct

The aim of the study was to investigate the effect of two types of multi-walled carbon nanotu-
bes: raw MWCNTs and carboxylated MWCNTs, on the germination, growth and selected physio-
logical properties of grasses: timothy grass, common meadow grass and meadow fescue.  
The response of these species to 0.1, 0.2, 0.3, 0.5 and 8.3 mg ml-1 MWCNTs and 0.15, 0.30, 0.45, 
0.75 and 16.7 mg ml-1 carboxylated MWCNTs was evaluated in a laboratory experiment. Then, 
germination energy and germination ability of the grasses were assessed. The effect of admini-
stering 15 g pot-1 MWCNTs and 80 g pot-1 carboxylated MWCNTs was assessed in a two-year 
pot experiment. Other examined parameters included SPAD value, dry matter yield, root mass, 
and the content of macro- and microelements in the grasses. Both types of CNTs inhibited seed 
germination, and seeds of all grasses treated with the highest concentration of carboxylated 
MWCNTs did not germinate at all. Soil supplementation with carboxylated MWCNTs signifi-
cantly decreased the dry matter yield of common meadow grass but improved this parameter in 
timothy grass and meadow fescue. Application of MWCNTs significantly reduced dry matter 
yield in all studied grasses. The lowest mean SPAD value was observed for MWCNT-treated 
common meadow grass, and the highest one appeared in meadow fescue with carboxylated 
MWCNTs. In most cases, the presence of raw nanotubes reduced root mass and the content of 
macro- and microelements, while carboxylated nanotubes increased root mass and the content 
of these elements.
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INTRODUCTION

Carbon nanotubes (CNTs) are an interesting and promising engineered 
nanomaterial with unique mechanical, chemical, electrical and optical 
properties (Baughman et al. 2002, Roth, CaRRoll 2015), offering multiple  
possibilities of application in various industries (De VolDeR et al. 2013,  
Sweeney et al. 2015), pharmacy and medicine (he et al. 2013). Carboxylated 
nanotubes are produced by oxidation of MWCNTs and contain multiple  
carboxyl groups (eitan et al. 2003). They have hydrophilic character, form 
stable gels in water and are not contaminated with amorphous carbon or 
metals (lam et al. 2006).

CNTs can be released into the environment directly during the use of 
materials that contain them or as a waste from sewage treatment plants, 
waste incineration plants or landfills (PeteRSen et al. 2011). Toxicity of nano-
tubes depends on many factors, e.g. their surface area, solubility, shape,  
coatings or type of functional groups that form them (SCown et al. 2010). 
Ecotoxicity of CNTs depends on the type of ecosystem – aquatic ecosystems 
are more sensitive to contamination than terrestrial ones. According to  
PeteRSen et al. (2011) and RuSSieR et al. (2011), environmental toxicity of 
CNTs is moderate, and slow biodegradation of this material is mediated by 
soil enzymes. 

The presence of CNTs in the natural environment has been increasing 
due to their common use in various industries for production of industrial 
and consumer goods. Because of their prevalence, CNTs are expected to  
become a serious source of environmental pollution. This requires detailed 
research to determine potential benefits for the economy and risks to living 
organisms caused by these new materials, previously unknown to the 
environment (JaCkSon et al. 2013). 

As reported in available studies, CNTs are not toxic to crop plants but 
their effect on plants is usually studied in vitro or hydroponic cultures. Plant 
response to the presence of CNTs in a substrate depended on the length of 
CNTs, their concentration, type and experimental conditions (miRalleS et al. 
2012, SmiRnoVa et. al. 2012, wang et al. 2012).

This paper describes the effects of multi-walled CNTs on the germina-
tion, growth and selected physiological parameters of timothy grass, meadow 
fescue and common meadow grass. The response of these species to the pre-
sence of CNTs in an artificial substrate was tested in laboratory conditions. 
Grass growth and development were studied in pots filled with chernozem 
during two growing seasons.
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MATERIAL AND METHODS 

Characteristics of nanotubes
MWCNTs were purchased from CNT Co., Ltd., 806 Mecarium Officetel, 

593 Yeonsu 2-Dong Yeonsu-Gu, Incheon, Korea. Commercial characteristics 
of MWCNTs provided by the manufacturer are as follows: diameter 1-50 nm, 
length 1-25 μm, purity min. 95%, metal oxide max. 5%, bulk density  
0.03-0.06 g cm−2, bet 150-250 m2 g−1. 

Plant material
The following species were used in both experiments: timothy grass 

(Phleum pratense L.) cv. Owacja, meadow fescue (Festuca pratensis Huds.) 
cv. Fantazja, and common meadow grass (Poa pratensis L.) cv. Struga.  
All the cultivars were bred by the Małopolska Plant Breeding Company 
(Kraków, Poland). The germination ability of seeds before sowing into pots 
was 98% for timothy grass, 92% for meadow fescue, and 82% for common 
meadow grass.

An in vitro experiment
 A laboratory experiment was set up to investigate the response of  

meadow fescue, timothy grass and common meadow grass to raw MWCNTs 
and carboxylated MWCNTs added to the water used for watering the seeds. 
The seeds were placed in Petri dishes (100 seeds per dish) on a double layer 
of filter paper moistened with redistilled water, enriched with CNTs as  
necessary. Each experimental variant was repeated four times. MWCNTs 
concentrations were 0.1 (C1), 0.2 (C2), 0.3 (C3), 0.5 (C4), and 8.3 (C5) mg ml-1, 
and for carboxylated MWCNTs they were 0.15 (C1), 0.30 (C2), 0.45 (C3),  
0.75 (C4) and 16.7 (C5) mg ml-1. The difference between concentrations of 
MWCNTs and carboxylated MWCNTs was due to a large difference in their 
bulk density. Raw MWCNTs have a very low bulk density, and an addition 
of even small amounts significantly increases the volume of a substrate.  
Moreover, the concentrations were chosen arbitrarily to provide the widest 
range possible. 

Germination energy of meadow fescue and timothy grass was assessed 
after 7 days, and that of common meadow grass – after 14 days. Germination 
ability was estimated after 14, 10 and 28 days for meadow fescue, timothy 
grass, and common meadow grass, respectively, on a Jacobsen germination 
apparatus, according to PN-79/R-65950 standard (iSta 2010). 

A pot experiment
A two-year (2014-2015) pot experiment was conducted at the Plant  

Breeding Station in Polanowice near Kraków (N 50°20′82″, E 20°08′43″;  
220 m a.s.l.) in a greenhouse under uncontrolled temperature and light con-
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ditions. During the pot experiment carried out from April to September, the 
temperature at night and during the day was 8-15°C and 22-32°C, respecti-
vely. Relative air humidity in the greenhouse was 55-60%.

5.02 dm3 polyethylene pots were filled with topsoil collected down to the 
depth of 30 cm of loess-based degraded chernozem. Chemical properties  
of the soil were as follows: pH in KCl – 7.2, and absorbable P, K, and Mg  
at 57.0, 138.4, and 45.9 mg kg–1, respectively. All pots were fertilized each 
year with NPK at 0.3 g N, 0.08 g P and 0.2 g K kg-1 of the soil in the form of 
NH4NO3, KH2PO4, and KCl, and the doses were adjusted to the plants’ 
nutrient requirements. In the first year, mineral fertilizers were used two 
weeks before sowing the seeds, and their solutions were carefully mixed with 
the substrate. In the second year, the fertilizers were applied in early spring 
before the vegetative growth started.

The following experimental variants were established for each species: 
control without CNTs (4.7 kg of soil), soil enriched with carboxylated 
(COOH) MWCNTs (80 g pot-1), soil with raw MWCNTs (15 g pot-1). Concen-
trations of CNTs were chosen arbitrarily, so that they were the largest ad-
dition to the soil, while retaining its basic characteristics. The difference in 
concentrations between raw MWCNTs and carboxylated (COOH) MWCNTs 
was due to a large difference in their bulk density. In all experimental  
variants, CNTs were carefully mixed with the top layer of the soil down to 
about 10 cm, just before sowing the seeds. 

The seeds (30 per pot) were sown on 27 March 2014 in three replica-
tions. During the growth, the plants were watered with redistilled water and 
the soil moisture was maintained at 60% of maximum water capacity. 

Every year, the SPAD value in upper leaves was measured using a  
Minolta SPAD 502DL chlorophyll meter (Minolta, Osaka, Japan). Three  
measurements were performed – one before each harvest. The measurements 
were taken for each pot and included twenty fully developed leaves.

The grasses were harvested three times in both years of the experiment. 
The first crop was harvested at the heading stage, and the other ones – at 
7-week intervals. The plants were cut with grass scissors at 5-6 cm over the 
soil. Grass from each pot was collected and, after drying in an oven at 75°C, 
its dry matter yield in g DM pot-1 was assessed. 

Roots of grasses were washed in sieves under running water and  
then dried in an oven at a temperature not exceeding 60°C. Afterwards,  
absolute dry matter was determined at 105°C for 3 h until obtaining con-
stant weight.

For chemical analysis, a random sample of plant material from each pot 
and each harvest was collected. Each sample was analyzed for the content of 
N, P, K, Ca, Mg, Na, Cu, Mn, Fe, and Zn. The nitrogen content was determi-
ned by elemental analysis (Dumas) according to the testing procedure 
MCMZ/PB-03. The potassium content was determined by atomic absorption 
spectrometry (AAS) with flame atomization according to MCMZ/PB-07.  
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The phosphorus content was determined by UV-Vis spectrometry according 
to MCMZ/PB-06. The content of calcium, magnesium and sodium was deter-
mined by AAS with flame atomization according to PN-EN 15505:2009 stan-
dard. The manganese content was determined by AAS with flame atomiza-
tion according to MCMZ/PB-08. Zinc and iron content was determined  
by AAS with flame atomization according to PN-EN 14084:2004 standard. 
The copper content was determined by AAS with electrothermal atomization 
(ETAAS) according to PN-EN 14084:2004 standard.

Statistical analysis
Three-way analysis of variance (ANOVA) was carried out to determine 

the effects of year, species, CNT and the following interactions: year×species, 
year×CNT, species×CNT, and year×species×CNT, on dry matter yield. Two
-way ANOVA was carried out to determine the effects of species, CNT as 
well as species×CNT interaction on the content of N, P, K, Ca, Mg, Na, Cu, 
Mn, Fe, Zn, SPAD and root weight. Three-way ANOVA was carried out to 
determine the effects of species, CNT, doses and the following interactions: 
species×CNT, species×dose, CNT×dose, species×CNT×dose on the germina-
tion energy and germination ability. The least significant differences (LSDs) 
post-hoc test was used to distinguish significant treatments for analyses with 
significant exposure. Coefficients of variation were also calculated to investi-
gate changes in the content of individual elements.

RESULTS

Mean germination energy and germination ability were variable and 
depended on the species, type of CNTs and concentration of the applied  
suspension (Figure 1). The highest concentration of MWCNTs (8.3 mg ml-1) 
decreased germination energy of common meadow-grass by 41%, of timothy- 
-grass by 19%, and of meadow fescue by 10% as compared with control.  
In the case of timothy grass and meadow fescue, the other MWCNT concen-
trations did not cause differences in germination ability and germination 
energy or the differences were insignificant. Common meadow grass was the 
most sensitive species to MWCNTs – subsequent concentrations resulted in 
a gradual inhibition of germination. Different observations were made for the 
plants watered with water containing carboxylated (COOH) MWCNTs.  
In common meadow grass, a gradual decrease in both germination energy 
and germination ability was noticed until complete inhibition at the highest 
concentration of 16.7 mg ml-1. Timothy grass was more resistant to COOH 
MWCNTs at 0.15, 0.30, 0.45 and 0.75 mg ml-1, and the decrease in germina-
tion ability and germination energy was slower. Similarly as for common 
meadow grass, complete inhibition of germination was observed at the hig- 
hest concentration of 16.7 mg ml-1.
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The SPAD value in the pot experiment varied depending on a variant, 
ranging from 7.69 to 20.78 (Table 1). The lowest mean SPAD (7.69) was  
observed for common meadow grass treated with raw MWCNTs, and the  
highest one (20.78) – for meadow fescue treated with carboxylated (COOH) 
MWCNT suspension. Addition of carboxylated (COOH) MWCNTs increased 
the SPAD value in all variants as compared with the control. Contrary to 
this, the presence of raw MWCNTs decreased SPAD in timothy grass and 
common meadow grass as compared with the control.

The mean dry matter yield in the pot experiment depended on a species 
and growing season and ranged from 31.7 to 46.3 g pot-1 in the control, from 
33.4 to 60.7 g pot-1 in carboxylated MWCNT treated plants, and from 18.7 to 
32.3 g pot-1 in raw MWCNT treated plants (Figure 2). Soil supplementation 
with carboxylated MWCNTs significantly decreased the dry matter yield of 
common meadow grass but significantly improved this parameter in meadow 
fescue and timothy grass. Contrary to this, soil supplementation with raw 
MWCNTs significantly reduced the dry matter yield in all investigated spe-
cies.

Fig. 1. Germination energy and germination ability of the investigated species of forage grasses 
depending on the concentration of MWCNTs and carboxylated MWCNTs (means taken  
from three series). Germination energy: LSD0.05 species 0.501, dose 0.708, CNT 0.409,  
species×dose 1.227, species×CNT 0.708, dose×CNT 1.002, species×dose×CNT 1.735;  

Germination ability: LSD0.05 species 0.4225, dose 0.5975, CNT 0.345, species×dose 1.0349,  
species×CNT 0.5975, dose×CNT 0.845, species×dose×CNT 1.4635
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Table 1 
SPAD value in the studied forage grasses depending on the type of carbon nanotubes  

(means from the 2-year study)

Grass species Nanotubes SPAD value Mean

Timothy grass
0 14.80 ±1.29

13.88 ±1.73MWCNTs 11.08 ±1.01
carboxylated MWCNTs 15.75 ±2.29

Common meadow grass
0 10.43 ±1.29

10.61 ±0.97MWCNTs 7.69 ±0.59
carboxylated MWCNTs 13.72 ±1.39

Meadow fescue
0 12.26 ±0.96

15.12 ±1.07MWCNTs 12.33 ±1.28
carboxylated MWCNTs 20.78 ±1.71

Mean
0 12.50 ±1.33

-MWCNTs 10.37 ±1.15
carboxylated MWCNTs 16.75 ±1.81

Coefficient of variation 28.51% -
LSD0.05 species: 1.16, CNT: 1.16, species×CNT: 2.02

Fig. 2. Dry matter yield (g pot-1) of the studied forage grass species depending on the type  
of carbon nanotubes. Coefficient of variation (%) in 2014: 31.7, in 2015: 29.7,  

LSD0.05 year: 0.69, species: 0.84, CNT: 0.84, year×species: 1.19, year×CNT: 1.19,  
species×CNT: 1.46, year×species×CNT: 2.06
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The root mass of the forage grasses ranged from 3.52 to 4.70 g pot-1 for 
timothy grass, from 2.38 to 5.72 g pot-1 for common meadow grass, and from 
2.37 to 16.93 g pot-1 for meadow fescue (Figure 3). Compared with the con-

trol, the greatest increase in the root mass of the plants treated with carbox-
ylated CNTs was observed in meadow fescue, but it was also noticeable for 
timothy grass and common meadow grass. The addition of raw CNTs resul-
ted in a significant decrease in root mass in common meadow grass and 
meadow fescue as compared with the control. 

The weighted mean macroelement content for the years 2014-2015  
depended on a species and the type of CNTs, ranging as follows: 26.2-37.6 g 
N kg-1 DM, 3.9-5.8 g P kg-1 DM, 26.6-40.6 g K kg-1 DM, 4.0-6.8 g Ca kg-1 DM, 
1.9-2.8 g Mg kg-1 DM, and 0.7-2.0 g Na kg-1 DM (Figure 4). These results  
indicate considerable differences in the content of the macroelements.  
The greatest variability was found for Na (CV=35.1%), and the smallest one 
– for K (CV = 12.3%). In most cases, soil supplementation with carboxylated 
MWCNTs increased the content of the macroelements studied, whereas the 
presence of raw MWCNTs caused a decrease in the content of the macroele-
ments as compared with the control.

The weighted mean microelement content for the entire study period 
depended on a species and the type of CNTs (Figure 5), ranging as follows: 
8.6-13.0 mg Cu kg-1 DM, 54.2-100.9 mg Mn kg-1 DM, 102.4-183.5 mg Fe kg-1 
DM, and 72.6-120.6 mg Zn kg-1 DM. The greatest variability in the content of 
microelements in grasses was determined for Fe (CV = 23.1%), and the smal-
lest one – for Cu (CV = 14.1%). In the control plants, the highest concentra-
tions of Cu, Fe and Zn were detected in timothy grass, and Mn was the most 
abundant in meadow fescue. In the plants treated with carboxylated 

Fig. 3. Root mass (g pot-1) of the studied forage grasses treated with carbon nanotubes.  
LSD0.05 species: 0.45, CNT: 0.44, species×CNT: 0.79
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MWCNTs, the highest content of Cu, Fe and Zn was determined in common 
meadow grass, and meadow fescue accumulated the highest amounts of Mn. 
In plants supplemented with MWCNTs, the greatest increase in Cu, Mn and 

Fig. 4. Content of macroelements (g kg-1 DM) in the studied forage grasses depending  
on the type of carbon nanotubes (means from the 2-year study). LSD0.05 for N species: 1.26, 
CNT: 1.26, species×CNT: 2.18, LSD0.05 for P species: 0.14, CNT: 0.14, species×CNT: 0.24, 

LSD0.05 for K species: 0.92, CNT: 0.92, species×CNT: 1.59, LSD0.05 for Ca species: 0.17, CNT: 
0.17, species×CNT: 0.30, LSD0.05 for Mg species: 0.12, CNT: 0.12, species×CNT: 0.21,  

LSD0.05 for Na species: 0.09, CNT: 0.09, species×CNT: 0.15
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Fe was observed in meadow fescue, and in the case of Zn – in timothy grass. 
Both types of CNTs reduced the content of Cu, Mn, Fe and Zn in timothy 
grass as compared with the control. Contrary to that, concentrations of these 
elements in common meadow grass treated with carboxylated CNTs were 
higher than in the control. In meadow fescue, an increase in Zn and a  
decrease in Mn and Fe were noticed following carboxylated CNT supplemen-
tation.

DISCUSSION 

Reports concerning the effects of CNTs on seed germination, plant gro-
wth and development are ambiguous. Plant toxicity studies have demonstra-

Fig. 5. Content of microelements (g kg-1 DM) in the studied forage grasses depending  
on the type of carbon nanotubes (means from the 2-year study). LSD0.05 for Cu species:  

0.74, CNT: 0.74, species×CNT: 1.28, LSD0.05 for Mn species: 1.15, CNT: 1.15, species×CNT: 1.99, 
LSD0.05 for Fe species: 1.39, CNT: 1.39, species×CNT: 2.40, LSD0.05 for Zn species: 1.24,  

CNT: 1.24, species×CNT: 2.14
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ted positive (CañaS et al. 2008, monDal et al. 2011, khoDakoVSkaya et al. 
2013), negative (CañaS et al. 2008, lin et al. 2009) and neutral (lin, Xing 
2007, wilD, JoneS 2009) effects of various types of CNTs on germination and 
selected physiological parameters of different species. 

This study does not provide a definite answer to the question of ecotoxi-
city of MWCNTs towards the studied grass species. Both stimulatory and 
inhibitory effects of CNTs on the studied species were observed. Inconclusive 
results concerning the effects of CNTs on plants were also published by 
CañaS et al. (2008), who studied root elongation in cucumber, lettuce, tomato, 
cabbage, carrot and onion treated with functionalized and nonfunctionalized 
single-walled CNTs. Nonfunctionalized SWCNTs inhibited root elongation in 
tomato and accelerated this process in onion and cucumber. Functionalized 
SWCNTs inhibited root elongation in lettuce, and no effects of any type of 
CNTs were found in cabbage and carrot. Positive response of plants to CNTs 
has been confirmed in numerous studies. SmiRnoVa et al. (2012) reported  
a stimulatory effect of the engineered nanomaterial Taunit, containing 
MWCNTs, on the germination of Onobrychis arenaria. They investigated the 
effect of aqueous solution of Taunit (100 or 1000 µg ml-1) on the germination 
energy and germination rate. Germination energy of Onobrychis arenaria in 
the presence of MWCNTs was 14% higher than in the control, irrespective of 
the MWCNT concentration. The germination rate was 2% higher for the  
seeds treated with 100 µg ml-1 MWCNT and 7% higher in those treated with 
MWCNTs at 1000 µg ml-1. Moreover, Taunit stimulated the growth of roots 
and stems. The average stem length in the control plants was 14 mm, and in 
nanotube-treated variants it was nearly 26 mm, irrespective of the CNT  
concentration. The average length of the roots treated with Taunit was  
29-32 mm, and of the control roots – 18 mm. khoDakoVSkaya et al. (2013) 
reported a much higher germination rate in tomato seeds placed on agar 
medium enriched with CNTs at 10, 20 or 40 µg ml-1. The germination rate in 
the control seeds was 32% after 12 days, and 71% after 20 days, while for 
CNT-supplemented variant it was 74-82% and 90%, respectively. Total bio-
mass of the seedlings grown in a CNT-containing medium increased 2.5-fold 
as compared with the control. wang et al. (2012) investigated the effects of 
oxidized MWCNTs (at concentrations ranging from 10 to 160 µg ml-1) on seed 
germination, root elongation, stem length and vegetative biomass of common 
wheat. The study showed a higher germination rate in the seeds treated 
with o-MWCNTs, but the reported changes were not significant. A significant 
increase in vegetative biomass was observed in wheat seedlings grown on 
substrates supplemented with o-MWCNTs. Total plant biomass (roots, stems, 
leaves) of wheat germinating and growing on plates with o-MWCNTs was 
30-40% higher than in the control variant. miRalleS et al. (2012) assessed 
the effect of industrial-grade MWCNTs on the growth and development of 
common wheat and alfalfa. CNT concentrations ranging from 40 to 2560 mg l-1 
were not toxic to any of the species, and seed germination was not inhibited 
even at 2560 mg l-1 CNT. Furthermore, industrial-grade MWCNTs were  
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found to accelerate root elongation in both common wheat and alfalfa. laRue 
et al. (2012) studied the effects of MWCNTs on the germination, root elonga-
tion, and plant biomass of hydroponically grown common wheat and rape. 
Concentrations of MWCNTs were 0, 10, 50, and 100 mg l-1. The study sho-
wed that the examined type of nanotubes used at these concentrations did 
not affect seed germination, root elongation or dry matter of the studied 
plants.

CONCLUSIONS

1. Timothy grass was the least sensitive species to the presence of MWCNTs 
and carboxylated MWCNTs in the substrate during germination.

2. The highest concentration of carboxylated MWCNTs (16.7 mg ml-1) 
resulted in germination inhibition in all the studied species of grasses.

3. The addition of MWCNTs caused a decrease in the mean SPAD value 
of timothy grass and common meadow grass as compared with the control.

4. In all the studied species, the presence of carboxylated MWCNTs in 
the substrate caused an increase in the SPAD value and root mass.

5. The grasses which were treated with MWCNTs had lower dry matter 
yield and lower root mass.

6. In most cases, the addition of MWCNTs caused a decrease in the con-
tent of macroelements and microelements, and the addition of carboxylated 
MWCNTs increased their content.
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