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Abstract

Over the past few years, significant efforts have been made to decrease the effects of

drought stress on plant productivity and quality. We propose that fullerenol nanoparticles

(FNPs, molecular formula C60(OH)24) may help alleviate drought stress by serving as an

additional intercellular water supply. Specifically, FNPs are able to penetrate plant leaf and

root tissues, where they bind water in various cell compartments. This hydroscopic activity

suggests that FNPs could be beneficial in plants. The aim of the present study was to ana-

lyse the influence of FNPs on sugar beet plants exposed to drought stress. Our results indi-

cate that intracellular water metabolism can be modified by foliar application of FNPs in

drought exposed plants. Drought stress induced a significant increase in the compatible

osmolyte proline in both the leaves and roots of control plants, but not in FNP treated plants.

These results indicate that FNPs could act as intracellular binders of water, creating an addi-

tional water reserve, and enabling adaptation to drought stress. Moreover, analysis of plant

antioxidant enzyme activities (CAT, APx and GPx), MDA and GSH content indicate that full-

erenol foliar application could have some beneficial effect on alleviating oxidative effects of

drought stress, depending on the concentration of nanoparticles applied. Although further

studies are necessary to elucidate the biochemical impact of FNPs on plants; the present

results could directly impact agricultural practice, where available water supplies are often a

limiting factor in plant bioproductivity.

Introduction

Drought is an important environmental factor with a strong negative impact on agriculture.

The frequency of heat waves and associated periods of drought are predicted to increase in

some parts of Europe [1,2]. In fact, climate change will be one of the main driving forces deter-

mining agricultural plant yields, performance and stability [3]. Low water availability is one of

the main environmental factors influencing plant growth and yield in many regions of the

PLOS ONE | DOI:10.1371/journal.pone.0166248 November 10, 2016 1 / 20

a11111

OPENACCESS
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world [4]. Therefore, it is increasingly important to raise environmental awareness and

improve plant drought tolerance in order to sustain crop quality.

A number of engineered nanomaterials are being investigated for use in agriculture for

increasing crop productivity and protection [5,6]. Among these, carbon based nanomaterials

(CBNMs) have been the focus of several studies in recent years, and have been shown to be

helpful in both agriculture and biotechnology [7,8]. The most investigated CBNMs are fuller-

ene (C60 and C70), fullerenol C60(OH)x, x = 18–36 and CNTs. Although some studies have

reported positive effects on plant growth and development in crop plants associated with

application of CBNMs, few studies have addressed how fullerene molecules and their derivates

may affect plants [8,9].

For biological applications, the main disadvantage of native fullerene is its insolubility in

water. To overcome this, water-soluble fullerene derivatives have been designed and synthe-

sised, which retain many of the unique properties of native fullerene, while enabling applica-

tion for the desired biological activity. Because of their high solubility in water, these fullerene

derivates represent attractive nanoparticles for various biological applications [10–14]. In par-

ticular, fullerene and its derivates exhibit strong antioxidative, antimicrobial, cytoprotective,

neuroprotective and radioprotective effects in animal organisms [10,15–20].

Kole et al. [21] introduced FNPs (C60(OH)20) to different plant tissues in bitter melon

(Momordica charantiai) by seed priming, resulting in increased biomass, fruit yield and phyto-

medicine content. Some evidence suggests that fullerenol can penetrate different cell mem-

branes and compartments [22]. Fullerenol dissolved in water forms polyanion nanoparticles

whose size and charge depend on the experimental conditions (concentration, pH, tempera-

ture, presence of co-solvents). Depending on the pH value of surrounding aqueous solution,

fullerenol molecules can exist in deprotonated and/or protonated forms. Polyanions of fullere-

nol C60(OH)n(O)m
- (2�m+n� 44) form intermolecular hydrogen bonds, and hydrogen

bonds with water molecules [23–25]. The ability to bind water molecules make these nanopar-

ticles a potential intracellular depot which can be used if osmotic stress occurs. We hypothesise

that FNPs can penetrate through different plant leaf and root tissues, where it binds water mol-

ecules in different cell compartments, creating an additional intercellular water reserve and

helping to alleviate drought stress. This hydroscopic activity suggests that FNPs may be

uniquely beneficial in plants. To test this hypothesis, we investigated the influence of foliar

application of fullerenol nanoparticles (C60(OH)24) on sugar beet plants exposed to drought

stress.

Materials and Methods

C60 (99.8% purity) was obtained from Sigma-Aldrich. Demineralised water (17.5 MO) was

prepared in-house. Br2, NaOH and C2H5OH (Ethanol p.a., ACS reagent, reag. ISO, reag. Ph.

Eur., 99.9%) were obtained from Sigma-Aldrich and were all analytical grade.

Synthesis of fullerenol

Fullerenol (C60(OH)24) was synthesized and characterized from polybromine derivative

C60Br24. Polybromine derivative C60Br24 was synthesized by reaction of C60 in Br2 with FeBr3

as catalyst according to a published protocol [26]. Fifty (50) mg of C60Br24 was mixed in 5 cm3

of NaOH (pH 10) for 2h at room temperature. After reaction completion, solvent was evapo-

rated at 40˚C, and the mixture was repeatedly rinsed 5 times with 10 cm3 of 80% ethanol.

Residual NaOH and NaBr were removed from an aqueous solution (20 ml) of fullerenol by ion

exchange (20g DOWEX MB50 QC121815 R1) and eluted with demineralised water. The
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resulting FNP solution in water (pH = 6.5) was evaporated under low pressure affording a

dark brown powder substance [27].

Physical determination of Fullerenol (C60(OH)24)

FTIR: C60(OH)24 has the following characteristic peaks: 3427, 1627, 1419, 1080 cm−1.
13C-NMR (D2O): singlet peaks at δ 169.47 ppm and multiplet peak at δ 160−110 ppm. MALDI

MS (m/z): 720 (C60
+), 993 (C60(OH)16

+), 1043 (C60(OH)19
+), 1061 (C60(OH)20

+), 1128

(C60(OH)24
+). DTG, DTA and TG show two thermal changes: 1) at 120–395˚C corresponding

to loss of 35.7% mass (23.7 OH groups); and 2) at 430˚C, corresponding to loss of 64.3% mass

(note: this is the sublimation temperature of C60).

Aqueous solutions of FNPs with final concentrations of 700 μmol/L and 70 μmol/L were

prepared for further experiments. After preparation and sonication for 15 min, all examined

solutions were stored in the dark at room temperature.

Nanoparticle characterization

Dynamic light scattering (DLS) was used for determination of hydrodynamic size, and electro-

phoretic light scattering (ELS) for surface charge (zeta potential) measurements of the analysed

samples. The first set of DLS and zeta potential analyses were performed 30 minutes after soni-

cation, concurrent with foliar application (treatment time point). We conducted a second set

of DLS and zeta potential analyses to determine if standing for 24h is associated with changes

in particle size distribution and charge of the samples. Measurements were conducted on a

Zetasizer Nano ZS (Malvern Instruments Inc, UK). DLS probes hydrodynamic size, shape,

structure, and stability, as well as aggregation or formation of biomolecular complexes [28,29].

All DLS analyses were performed in triplicate, and zeta potential measurements were con-

ducted in duplicate.

Atomic force microscopy (AFM) was used to characterize morphology and measure the

primary particle size distribution of FNPs in analysed model solutions. AFM measurements

were conducted after 24h of incubation in the dark. Surface topography and phase images

were simultaneously acquired by standard AFM tapping using a commercial NanoScience-

Team Nanotec GmbH SNC (Solid Nitride Cone) AFM probe, with the tip radius lower than

10 nm. Highly-orientated pyrolytic graphite HOPG was used as a surface. A multimode quad-

rex SPM equipped with a nanoscope IIIe controller (Veeco Instruments, Inc.), operated under

ambient conditions was used. Aqueous solutions of FNP were diluted with demineralised

water and added dropwise to HOPGE before drying under ambient conditions.

Transmission Electron Microscopy (TEM) analyses of aqueous FNPs were performed to

confirm the structure of the nanoparticles. TEM analyses were conducted on a JEM 1400

microscope with accelerating voltage 120kv, using a horizontal field width of 173.9 nm and

magnification 300000 x, 30 min after sonication.

Plant material and experimental set

Sugar beet seeds (Beta vulgaris L. cultivar LARA) were obtained from the Institute of field and

vegetable crops, Novi Sad, Serbia. Initially, 720 seeds were sown in 0.6 liter pots containing 500

g of sandy soil. After one month, 200 morphologically uniformed (by size and number of

leaves) and healthy plants were selected for further growth. Plants were grown under semi-

controlled greenhouse conditions. Plants were irrigated with tap water (drinking water, pH

7.82, CaCO3 75–150 mg/L, EC 425 μS/cm) to maintain optimal soil humidity. Temperatures

ranged from 14–30˚C (night/day). Illumination was natural, and depended on outdoor light
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conditions. Foliar application of FNPs solutions was performed after 4 months of plant

growth. Plants were than differentially watered according to three water regimes:

• control (60–70% of -RWC);

• drought 1 (20–30% of RWC);

• drought 2 (10–20% of RWC).

Drought 1 water regime was reached after 8 days and drought 2 after 9 days. All physiologi-

cal analyses were performed 13 days after FNP exposure. Plants were then grown in optimal

conditions for an additional 3 months. Fresh weights of leaves and roots were measured 7

months after germination and 3 months after foliar FNP application. Saccharose content was

determined in roots. Its estimation was assessed to define whether or not FNP as well as

drought treatments had influence on saccharose production in tested plants.

Foliar fullerenol exposure. Leaf areas of 200 plants were measured using an ADC leaf

area meter (ADC BioScientific Ltd. UK). The average leaf area per plant was 8834±110.00

mm2. Foliar application of FNPs was performed using a glass laboratory sprinkler with rubber

hand pump. Pump output calibration was performed by spraying square aluminium foil (20

cm diameter) using distilled water in 10 replications. Foil weight was measured with an analyt-

ical scale before and after spraying 20 full pump amplitudes. The glass sprinkler was held at

approximately 5 cm distance from the target surface. The average mass of water deposited at

the foil was 142.93 ± 13.5 mg. To determine dissipation of water outside the leaf area, 10 plants

were sprayed using the same glass sprinkler and water volume, with aluminium foil serving as

a background collector. Foil weight was determined before and after spraying. Average dissipa-

tion of water outside the leaf area was < 2.36 ±1.82%. Proportions were adjusted to ensure that

142 mg of water solution would be applied to 10000 mm2 of leaf area. For each individual

plant, the volume of solution was modified according to leaf area. To calculate concentrations

per leaf mass, leaf mass and leaf area was measured for 10 average plants. On average, 1 mm2

of leaf area weighed 0.4243 ± 0.045 mg. Thus, two FNPs solutions were prepared at concentra-

tions of 700 μmol/L and 70 μmol/L in distilled water. The final concentrations of FNP deposi-

tion were 0.01 (F1 treatment) and 0.001 (F2 treatment) nmol mm-2 per leaf area, which

corresponds to 0.02356 and 0.002356 nmol mg-1 FNP per leaf mass. Control group of plants

were treated only with water (F0 treatment). FNP solutions were sonicated for 10 minutes, 30

minutes prior to application.

Soil characterization and field water capacity calculation. Soil was obtained from a for-

est plantation nursery near Novi Sad, Serbia (45˚17’25.8” latitude, 19˚54’14.7” longitude), no

specific permissions were required for this location which is a joint research plot of a National

project grant. The soil used is alkaline, loamy sandy soil, with low humus and total nitrogen

content (Tables 1 and 2). Potted soil was analyzed (pH value, CaCO3, N, P, K, humus) by

methods officially accepted by YSSS [30, 31]. Soil texture was analysed by combined method of

sieving and sedimentation [32]. RWC (%) was determined as follows: soil was weighed, dried

at 105˚C and re-weighed. Finally, the soil was watered to maximum holding capacity using a

Kopecky cylinder (100 cm3) and re-weighed. Measurements were conducted on the basis of

Table 1. Soil chemical properties.

pH CaCO3 Humus Total N Al-P2O5 Al-K2O

In KCl In H2O % % % mg/100g mg/100g

7.62 8.16 19.12 1.29 0.111 3.0 6.4

doi:10.1371/journal.pone.0166248.t001
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the following formula:

RWC ¼ 100 � ðSn � SdÞ=Swm � Sd

Sn � weight of sampled soil;

Sd � weight of dried soil;

Swm � weight of soil with 100 % RWC

Identical soil mass (0.6 kg) was aliquoted to each pot. After 4 months of growth, each indi-

vidual plant mass was determined and added to the pot mass. Ten average plants were used to

obtain the proportion between plant mass and leaf area. Each plant leaf area was measured and

total pot mass was calculated for the 180 remaining pots. Based on these calculations, each

total pot mass was measured every day to determine the necessary amount of water required

for irrigation.

Physiological analyses

Proline determination. Free proline content was determined using the Bates method

[33]. Plant material was sampled from 6 plants per each treatment. 1 g of fresh plant material

was measured for each of the 6 replicates.

Enzymes activity and estimation of MDA and GSH content. All chemicals were pur-

chased from Sigma (St. Louis, USA). Spectrophotometric determinations were performed

using a Beckman DU-65 UV/Visible spectrophotometer (Beckman Instruments, INC.) at

25˚C, in triplicate. Approximately 10 g of plant material were ground in liquid nitrogen and

stored at -80˚C. Crude leaf and root extracts were prepared according to the procedure

described by Nikolić et al [34]. Briefly, plant material was homogenized on ice in 0.01 mol/L

phosphate buffer, pH 7.0, containing 1 mmol/L EDTA and 1% polyvinylpyrrolidone (PVP).

After centrifugation at 4˚C 10,000 × g for 15 minutes, a transparent supernatant was obtained

and used for measuring enzymatic activity. Soluble protein content was determined according

to Bradford [35] with bovine serum albumin as a standard.

Ascorbate peroxidase (APX; EC 1.11.1.11) activity was determined by observing the decrease

in absorbance of each reaction mixture at 290 nm, as described by Nakano and Asada [36].

Catalase (CAT; EC 1.11.1.6) activity was assayed by dismutation of hydrogen peroxide in a

reaction mixture at 240 nm, as described by Beaumont et al [37].

Guaiacol peroxidase (GPx; EC 1.11.1.7) activity measurements were carried out spectropho-

tometrically using guaiacol as electron donor substrate. The increase in absorption as a result

of the formation of oxidized product (tetraguaiacol) was measured at 436 nm using an extinc-

tion coefficient of 25.6 mmol-1 cm-1 [38].

Glutathione S-transferase (GST; EC 2.5.1.18) activity was measured by observing conjuga-

tion of 1-chloro, 2,4-dinitrobenzene (CDNB) with reduced glutathione (GSH), using a proto-

col modified from Habig et al. [39].

Table 2. Soil mechanical composition.

Large sand % Small sand % Powder % Clay % Texture class

0.93 86.35 8.04 4.68 Loamy small sand

doi:10.1371/journal.pone.0166248.t002
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Malondialdehyde concentration (MDA) in crude extracts was determined as described by

Devasagayam et al. [40]. The MDA equivalents of the samples were calculated using an extinc-

tion coefficient of 1.56 × 105 mol-1 cm-1.

Reduced glutathione (GSH) content was evaluated using the method of Kapetanović and

Mieyal [41].

Photosynthetic rate, transpiration rate and saccharose content. Photosynthetic (μmol

of CO2 m-2 s-1) and transpiration rates (mmol of H2O m-2 s-1) were measured by the LCpro

+ portable photosynthesis system (ADC BioScientific Ltd.). Measurements were conducted for

each treatment, and were conducted on 10 different plants. Three replicates were recorded for

each plant. Light conditions were set using the LCpro+ light unit, which emitted photosyn-

thetic active radiation (PAR) at 1000 μmol m-2 s-1. The air supply unit provided a flow of ambi-

ent air to the leaf chamber at a constant rate of 100 μmol s-1. Temperature, CO2 concentration,

and humidity were at ambient levels.

Saccharose content was determined from filtered beet brei clarified with lead acetate [42].

Statistical Analysis. Statistical analyses were conducted using Fisher’s Multiple Range

Test, at a level of significance of p<0.05, using 2-way factor analyses. Values shown are arith-

metic means ± standard deviation. Values in each table or figure, followed by the same letter

do not differ significantly.

Results and Discussion

Particles size distribution profile and topography

It has been shown that nanomaterials with sizes <100 nm have the greatest potential for differ-

ent applications in biological systems [43, 44]. However, there are numerous applications in

which single particles with dimensions of 250 nm also exhibit favourable characteristics [45].

The properties of nanomaterials ranging between 1 nm and 250 nm can be considered to rep-

resent a hybrid of quantum effects between individual atoms and molecules, and those of bulk

materials [46]. The processes taking place in this ’nano domain’ are a result of the physical

characteristics of these materials and are directly dependent on size, or ’nano size’ [47]. Thus,

the size of nanoparticles is a primary feature that determines their characteristics and potential

effects: for example size reduction leads to increase in the number of nanoparticles per unit

mass [48]. In addition to particle size, another important parameter is the ability to form

nanoaggregates. Determining the size of agglomerates/aggregates as well as the degree to

which these processes take place is essential for interpretation of their effects in biological sys-

tems. The size of nanoparticles (agglomerate/aggregates) is a key determinant for the process

of translocation through the cell membrane. Interactions between living systems and nanopar-

ticles are impacted by a synergy of factors: the size, shape and surface modification of nanopar-

ticles; purity, ability to aggregate, surface charge and chemistry [49]. In order to obtain reliable

results, it is necessary to more accurately define and characterize the manner and degree of

agglomeration in experimental conditions [49, 50].

Data obtained by DLS, zeta potential, AFM and TEM techniques enable detailed, precise

analysis of the specific nature of the analysed nanoparticles.

The particle size distribution of aqueous FNP solutions at different time intervals and con-

centrations are shown in Fig 1. FNP concentrations of 700 μmol/L (30 min-blue line, 24h-

green line) and 70 μmol/L (30 min-red line, 24h-green line) were tested. DLS measurements

clearly show that the largest number of particles for both FNP concentrations ranged from 6

nm to 39 nm for the first time point (30 min), with maximums at 18 and 9 nm for 700 μmol/L

(black line) and 70 μmol/L (red line), respectively. By 24h, sizes ranged from 30 nm to 105 nm,

with maximums at 68 nm and 58 nm for 700 μmol/L (blue line) and 70 μmol/L (green line),
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respectively. Based on these results, differences in FNP concentrations do not appear to signifi-

cantly affect particle size distribution. After 24 hours, FNPs appear to predominately form sta-

bile clusters with sizes ranging from ~50–70 nm. These data are in close agreement with

previously obtained results for FNP particle size distributions, confirming the presence of

aggregates with sizes <100 nm [51,52]. Based on the dimensions of the FNPs obtained by DLS,

and the theoretically determined radius of the fullerenol molecule (~1.1 nm), it is possible that

the FNPs mostly organize in the form of a secondary percolation cluster. Non-aggregated full-

erenol molecules were not detected. Based on aggregate dimensions, FNPs appear to have a

high propensity to form aggregates. These results are in accordance with the results of Seme-

nov and co-workers [53] and Letenko and co-workers [54].

Zeta potential analyses for the same two concentrations of FNP solutions were performed

30 min after sonication (see Fig 2). The mean zeta potential was -31.9 mV for 700 μmol/L FNP

(green line) and -53.3 mV for 70 μmol/L FNP (red line), indicating the stability of the FNP

Fig 1. FNP particle size distribution measurements by DLS. DLS size distributions for FNPs at 2 concentrations and time points: 700 μmol/L FNP

(black line-30 min, blue line-24h); 70 μmol/L FNP (red line-30 min, green line-24h).

doi:10.1371/journal.pone.0166248.g001

Fig 2. Zeta potential measurements of FNP solutions. FNP concentrations of 700 μmol/L (green line) and 70 μmol/L (red line)

were analysed 30 minutes after sonication.

doi:10.1371/journal.pone.0166248.g002
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systems in both analysed samples. After 24 hours, no significant changes in zeta potential val-

ues were evident for either analysed solution. Particles having zeta potential values more posi-

tive than +30 mV or more negative than—30 mV are considered to be stable [29,55]. Based on

these results, the analysed FNP solutions can be considered to be stable colloidal systems.

Particle size and topography analyses were performed using AFM to obtain detailed struc-

tural information for the FNPs. Results of AFM studies with respect to surface morphology

and topography are presented in Fig 3. As can be seen, the FNPs samples are in general rela-

tively inhomogeneous. AFM analyses of aqueous FNP solutions suggest aggregate sizes of ~55

nm to 70 nm (Fig 3), consistent with DLS measurements (see Fig 1). Similar to DLS results,

AFM confirms the general trend of FNPs aggregates with dimensions less than 100 nm. Cou-

pled with our observed negative zeta potentials for FNP solutions (Fig 2), these AFM results

indirectly confirm the expected hydrophilic structure of the FNPs. Consistent with their polar-

ity, most FNP particles were found to be distributed on the HOPG terraces; while the remain-

der formed hydrophobic interactions with the surrounding non-polar graphite surface, in

agreement with literature data [23, 25].

Visualization of FNP dispersion. TEM was performed to visualize FNP dispersion in

experimental samples. Fig 4 represents TEM analysis of FNPs solutions suggest an inhomoge-

neous system where the most dominant nanoparticles had sizes <10 nm. Together, DLS, zeta

potential, AFM and TEM analyses confirm the stabile hydrophilic structure of FNP aggregates

with sizes less than 100 nm.

Fig 3. AFM images of FNP solutions after storage at 25˚C for 24h. (a) large-scale image, 963 x 963 nm2;

(b) small scale image 365 x 203 nm2; (c) cross-sections of FNPs in water with sizes of 66 nm, 70 nm and 55

nm. The peak represents particle height. The maximum particle height was 4.7 nm; (d) 3D image of FNPs

from a small-scale image on the HOPG surface.

doi:10.1371/journal.pone.0166248.g003
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Physiological analyses

Proline content. Proline content was determined in leaves and roots (Figs 5 and 6). Mod-

erate drought treatment (drought 1) did not cause significant modifications of proline content

in both leaves and roots. However, severe drought treatment (drought 2) for 4 days signifi-

cantly increased proline content in the leaves of plants not treated with FNPs (154.17 μg/g

fresh weight; Fig 5). Proline content in leaves was 11.2 fold higher than that determined in con-

trol plants held under an optimal water regime. Accumulation of proline is regarded as an

adaptive metabolic acclimation of plants to drought stress. Although proline is regarded as a

compatible osmolyte because of its role in osmotic adjustment, it plays other important roles

associated with protective activity during drought stress. For example, proline can act as a free

radical scavenger, a stabiliser of intracellular structures, macromolecules and membranes, an

activator of detoxification pathways, a source of energy, nitrogen and carbon, and a signalling

molecule [56,57]. Interestingly, our results strongly suggest that proline is not accumulated in

plants treated with FNPs, even following exposure to severe drought (drought 2 treatments,

50.66 and 36.11 μg/g fresh weight, respectively), affording speculation that nanoparticle treat-

ment reduces the need for proline accumulation in drought stressed leaves.

Fig 4. TEM image of FNP solution.

doi:10.1371/journal.pone.0166248.g004
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Fullerenol can bind large amounts of water, thus acting as a compatible osmolyte able to

serve as an additional intracellular supply of water. During foliar application of FNPs, plants

were supplied with optimal amounts of water (soil RWC 60–70%), so that sufficient water was

able to accumulate in circular layers around the fullerenol core. This water is likely released

only when drought stress significantly reduces the cells osmotic potential, so that differences

in water potential provide a stronger diffusion force than the hydrogen bonds between water

molecules and FNPs. Given this hypothesis, it is tempting to speculate that fullerenol could act

Fig 5. Proline content in sugar beet leaves. Different letters indicate significant differences between treatments according to Fisher’s test

(p < 0.05), representing the means of three independent measurements ± SD.

doi:10.1371/journal.pone.0166248.g005

Fig 6. Proline content in roots of sugar beet. Different letter indicate significant differences between treatments according to

Fisher’s test (p < 0.05), representing the means of three independent measurements ± SD.

doi:10.1371/journal.pone.0166248.g006

Impact of Fullerenol Nanoparticles on Drought in Sugar Beet (Beta vulgaris L.)

PLOS ONE | DOI:10.1371/journal.pone.0166248 November 10, 2016 10 / 20



as both an osmotic adjuster and stabiliser of intracellular structures. In this case, it is possible

that additional increases in proline concentrations would not be necessary under drought

stress, since its activity is replaced by the FNPs.

Proline content in roots was significantly increased by 17.2 fold under drought 2 treatment

(300.01 μg/g fresh weight) vs. controls (17.47 μg/g fresh weight) (Fig 6). Higher proline content

was also observed for fullerenol treated plant roots under drought 2 treatment vs. control

plants.

However, similar to results obtained for proline content in leaves, fullerenol treatment was

associated with significant modifications of proline accumulation in roots. In comparison to

plants not treated with nanoparticles (F0), fullerenol treatments (F1 and F2) also significantly

reduced proline accumulation in roots following drought 2 treatment (300.01, 63.23 and

67.88, respectively). Furthermore, these results suggest that after foliar application, FNP is able

to pass through membrane structures to reach the root tissues. Thus, the present study repre-

sents indirect evidence that FNPs are mobile in tissues of sugar beet, suggesting that they in

general can penetrate through different biomembranes. However, these findings must be sup-

ported by direct identification of fullerenol in different plant parts. In aggreement with the

present study, fullerenol mobility through plant tissues has been reported in bitter melon

(Momordica charantia), with a positive correlated increase of plant water content and fruit

yield [21]. These authors explain that the most probable cause of increased yield is related to

increased plant water content. Similarly, Khodakovskaya et al. [58] determined that increase in

germination and growth in tomato seeds treated with CNTs is supported by increased seed

water uptake. These authors also observed high mobility of carbon nanoparticles inside plant

and seed tissues. In general, CBNMs have been found to be highly mobile in plant tissues,

depending on the applied nanoparticle [8,59]. Further biochemical, genomic and proteomic

studies are needed to fully understand FNPs mobility and physiological activities in plants.

Antioxidant enzyme activities, MDA and reduced glutathione content. Exposure to

ROS can result in enhanced antioxidant capacity. According to O’Brien et al. [60], the majority

of ROS produced in response to stress conditions is H2O2. CAT, APx and GPx are well-known

enzymes involved in the detoxification of H2O2 via conversion to water and oxygen. [61,62].

However, there is a lack of data on the effects of FNPs on plant cell oxidative properties. To

address this, we determined the dynamic change in activity of these enzymatic systems as a

function of FNP concentration and induced drought stress. In general, under control (well-

watered) conditions, foliar applications of FNP did not affect the activity of the examined

enzymes, or MDA and GSH content (Figs 7 and 8). Both CAT and APx activity were up to

3-fold higher in the leaves of sugar beets vs. roots. CAT activity varied between treatments.

Moderate drought clearly has a significant (p<0.05) effect on CAT activity in the F0 treatment,

resulting in increased enzyme activity in comparison to F1 and significantly vs. F2 (Fig 7). In

contrast, severe drought stress negatively influenced CAT activity in F0 and F2 plants, com-

pared with F1. Ascorbate Px activity significantly increased under water stress conditions at F1

fullerenol concentrations (Fig 7). APx activity was not affected in treatments F0 and F2 in both

drought stress conditions in comparison with control. A similar pattern of APx activities was

observed in plant roots at both FNP concentrations. A slight decrease of activity was evident

under moderate drought treatment, in comparison with other treatments. With respect to

H2O2 scavenging enzyme activity, it appears that both CAT and APx activities are more sus-

ceptible to severe drought stress in the leaves of F0 and F2 plants, consistent with our observed

decrease in enzymatic activities vs. well-watered and F1 plants. It is possible that the severe

drought regime induces more intensive oxidative stress and possible loss of cell turgor, causing

eventual failure of plant defence mechanisms. On the contrary, F1 plants had a significant

increase in CAT and APx activities, suggesting FNPs treatment may have a positive effect on
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plant defence mechanisms against drought stress. In favour of this is the fact that FNPs treat-

ment is associated with beneficial antioxidative properties, in agreement with reports from ani-

mal cells [63]. It is interesting to note that not all nanomaterials have a positive effect on plant

antioxidant defence systems. According to Zhao et al. [64] CAT and APx activities in corn

shoots were highly susceptible to application of CeO2 nanoparticles, implying that high levels

of nanoparticles may actually lead to inhibition of enzyme activities. In another study, Faisal

et al. [65] reported elevated CAT and SOD activities in tomato plants with increasing NiO

nanoparticles concentrations, leading to oxidative stress and mitochondrial dysfunction. In

contrast, Song et al. [66] did not find any physiological differences in total antioxidant capacity

(TAC) or superoxide dismutase activity (SOD) in L. sativa i B. campestris plants following

nano-TiO2 treatments.

While CAT and APx activity was mainly found in the leaves (with very low activity

observed in plant roots), GPx activity was actually enhanced in plant roots. This reduced GPx

enzyme activity in plant leaves may be due to differential distribution, expression and/or

Fig 7. CAT, APx, GPx and GST activities in the leaves (A) and roots (B) of sugar beets after exposure to drought stress. *dark bars–Control,

light gray bars—Drought 1, gray bars—Drought 2. Enzymes activities are expressed in units of enzyme activity per milligram of protein. Different letters

in the same chart indicate significant differences between treatments according to Fisher’s test (p < 0.05), representing the means of three

independent measurements ± SD.

doi:10.1371/journal.pone.0166248.g007
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activity of enzyme isozymes [67–69]. The highest GPx activity was observed in the roots of

sugar beets subjected to severe stress and foliar FNPs application at the F1 concentration: up to

21.31 U mg of protein-1 (Fig 7). All activities observed in FNPs treatment groups were statisti-

cally different from untreated controls. GST activity was also higher in the roots of tested

plants, similar to results obtained for GPx. While there were no significant differences between

GST activities in the roots of F1 plants subjected to water stress, control treatments displayed a

significant response in plant roots following severe drought stress (Fig 7). Similary, high GST

activity was measured in the roots of F2 treated plants under moderate drought stress condi-

tions. GST activities in F1 treated plant leaves under different water regimes did not show sig-

nificant differences. Higher GST activity was found in F0 (severe drought) and F2 plants

(moderate drought), in strong agreement with measured GSH and MDA levels. In fact, a com-

plex array of compounds are produced during lipid peroxidation which may be considered to

be reactive electrophile species “RES” [70]. The biological activity of RES can be regulated by

conjugation to glutathione. Although such conjugation can occur spontaneously, it is acceler-

ated by GST activity [71]. Elevated RES accumulation, followed by conjugation can markedly

deplete glutathione pools [71,72].

As key antioxidants, ascorbate and glutathione can be used as biochemical markers of gen-

eral cell redox state [73]. For example, leaf glutathione status is clearly influenced by intracellu-

lar H2O2 availability [74]. We have noticed that accumulation of GSH was 3-fold higher in

treatments with decreased CAT and APx activities (F0 and F2 plants exposed to severe

drought). The close link between increased intracellular H2O2 and changes in glutathione sta-

tus was underscored in a CAT-deficient Arabidopsis mutant cat2 [75,76]. Furthermore, activa-

tion of GSH synthesis and accumulation of glutathione is a general feature of enhanced

oxidation in the cytosol [77]. Besides antioxidant enzymes activities, we investigated whether

induced water shortage was associated with oxidative stress and damage to membrane lipids

and GSH content. Lipid peroxidation levels (measured as MDA content) and GSH content in

the leaves and roots of sugar beets are shown in Fig 8. MDA content was ~2-fold higher in the

roots of sugar beets. Significant differences were only evident for the moderate drought stress

Fig 8. Malondialdehyde (MDA) and reduced glutathione (GSH) content in the leaves (A) and roots (B) of sugar beets after exposure to

drought stress. *dark bars–Control, light gray bars—Drought 1, gray bars—Drought 2. MDA and GSH contents are expressed per milligram of

protein. Different letters in the same chart indicate significant differences between treatments according to Fisher’s test (p < 0.05), representing the

means of three independent measurements ± SD.

doi:10.1371/journal.pone.0166248.g008
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treatment for F0 and F2 plants. Similarly, in the leaves of sugar beet plants, higher MDA levels

were found in F0 and F2 plants subjected to severe water deficit (Fig 8). MDA content in F1

plants was similar to controls in both the roots and leaves. Water deficiency significantly

(p<0.05) increased GSH levels in the leaves of F0 and F2 (29.4 and 27.7 U mg protein-1,

respectively) plants exposed to severe drought stress. Non-significant increases in GSH content

in leaves were observed for F1 under both water deficit regimes. GSH content was 2 to 4-fold

smaller in roots vs. the leaves of sugar beet plants. However, significant GST increases were

found for all three FNPs concentrations and water deficit treatments.

MDA represents a well-studied, reactive aldehyde lipid peroxidation product [71] which is

CAT insensitive [60]. Whether H2O2 will act as a signalling molecule or cause damage depends

on the delicate equilibrium between H2O2 production and cell scavenging mechanisms [64].

In contrast to F1 plants, F0 and F2 plants subjected to severe drought displayed increased levels

of membrane lipid peroxidation in leaves. Zhao et al. [64] did not find significant differences

in lipid peroxidation levels among applied treatments of CeO2 nanoparticles in the roots or

shoots of corn plants. However, Borsani et al. [78] reported that induced water stress resulted

in a −0.46 MPa decrease in hydric potential, associated with membrane lipid peroxidation in

the leaves of Lotus corniculatus plants. Our observed differences in peroxidation levels possibly

suggest a beneficial effect associated with FNPs treatment on plant metabolism under altered

soil water conditions.

Photosynthetic and transpiration rates. Photosynthetic and transpiration rates are

shown in Table 3. Photosynthetic rates were not affected by FNPs treatment. Drought 2 treat-

ment significantly reduced CO2 assimilation in comparison to control treatment, but these

reductions were not significantly modified by FNP exposure. Drought 2 treatment also

reduced transpiration rates in comparison with the control (optimal) water regime. Similar

relationships were found between transpiration and photosynthetic rates.

Decreased photosynthetic rates under drought stress conditions may be due to disturbance

of specific biochemical processes, such as decreased ribulose bisphosphate carboxylase

(Rubisco) activity [79]. Carbon balance is disturbed by reduced intercellular CO2 concentra-

tions as a result of stomatal closure and CO2 diffusion limitations under reduced free water

conditions [4]. Although our results indicate that FNPs may modify osmotic adjustment

mechanisms, significant changes in photosynthetic and transpiration rates were not observed.

If osmotic adjustment is modified by FNPs, it could be beneficial during severe water deficits,

especially if it enables stomata to remain partially open; thus allowing additional CO2 uptake

and water transpiration. Values for transpiration rates for F2 were higher compared to F0

under drought 2 treatment, suggesting additional available water. However these differences

were not statistically significant and not in correlation with photosynthetic rate

measurements.

Table 3. Photosynthetic and transpiration rate of treated plants.

Control Drought 1 Drought 2

F0 F1 F2 F0 F1 F2 F0 F1 F2

Photosynthetic rate

(μmol CO2 m-2 s-1)

4.94±0.58 a 4.99±0.59 a 4.83±0.56 ab 4.85±0.65 ab 4.46±0.53 ab 4.18±0.55 ab 2.93±0.60 b 2.91±0.61 b 2.96±0.58 b

Transpiration rate

(mmol H2Om-2 s-1)

0.96±0.15 a 1.00±0.12 a 0.94±0.15 a 0.88±0.15 ab 0.86±0.13 ab 0.85±0.16 ab 0.60±0.13 b 0.59±0.13 b 0.68±0.12 ab

a,b values followed by the same letter are not significantly different according to Fisher’s test (p < 0.05)

doi:10.1371/journal.pone.0166248.t003
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Fresh weight and saccharose content. Fresh weights of leaves and roots, and saccharose

content are shown in Table 4. These measurements were conducted 3 months after drought

treatments and foliar nanoparticle exposure. During these 3 months all plants were grown

under optimal watering conditions. Both leaf and root mass were not significantly affected by

FNP treatment. Differences between the fresh weight of leaves and roots were not statistically

significant, mostly because of the high standard deviation associated with these measurements.

Although average values of saccharose content in roots were higher in fullerenol treated

plants vs. untreated controls; these saccharose content modifications were mostly not sup-

ported by statistical analysis. A significant decrease in saccharose content in drought 2 treated

F0 plants (14.3%) was observed in comparison to control plants treated with F1 FNPs concen-

trations (17.6%). However, this trend suggests that FNPs treatment is not associated with sta-

tistically significant modifications of saccharose content in plant roots.

The short duration of our simulated drought (4 days) could be a significant factor prevent-

ing observation of the effect of FNPs on growth and saccharose content. The real impact of

FNP on yield quantity and quality should be analysed in field tests using technologically usable

plants (matured plants ready for harvesting), for yield and saccharose content analyses. Kole

et al. [21] treated bitter melon (Momordica charantia) seed with five nanomolar concentra-

tions of fullerenol C60(OH)20; and observed an up to 54% increase in biomass yield, 24%

increase in water content and 128% increase in fruit yield. They also reported increased active

anticancer and antidiabetic phytomedicine molecules in nanoparticle treated fruits [21]. They

determined that selection of the optimal concentration of nanoparticle is important for tar-

geted phyisological effects on plants and analogue agroeconomic traits. CNTs also had a signif-

icant stimulative impact on vegetative biomass of germinated seedlings in Tomato seeds. Some

of the proposed mechanisms of these effects are increased water uptake by seed coat penetra-

tion and regulation of water channel (aquaporin) gating [58]. Germination was also promoted

by CNTs in wheat [80]. Enhanced germination, growth and active molecule concentrations in

plants exposed to different CBNMs are mostly explained by their ability to enhance water

uptake. The germination of tomato plants was dramatically higher for seeds germinated in

medium containing 10–40 mg/ml of CNTs, which supported better water uptake inside the

seeds [58]. The germination percentage and germination index of wheat increased signifi-

cantly in the presence of CNTs in concentrations ranging from 320 mg/ml to 2560 mg/ml

[80]. Authors suggest it is posiblle that nanotubes penetrated the soft seed coat of wheat thus

increasing its availability for water uptake. Corn seedlings exposed to various levels of multi

wall CNTs in agar gel had improved growth and water uptake [81]. Number of analyses also

showed some beneficial effect of carbon nanotube suspensions on germination and growth of

various agriculture plant species such as Allium cepa Brassica juncea, Brassica napus, Cucumis

sativus Daucus carota, Lolium perenne, Raphanus sativus and Satureja khuzestanica [82–85].

Table 4. Fresh weight of leaves and roots and saccharose content in roots.

Control Drought 1 Drought 2

F0 F1 F2 F0 F1 F2 F0 F1 F2

Leaf mass (g) 6.2±1,2 a 6.0±1.8 a 5.8±0.9 a 5.3±0.9 a 5.6±0.8 a 5.6±0.8 a 5.5±0.8 a 5.7±0.7 a 5.2±0.8 a

Root mass (g) 6.1±1.4 a 5.7±1.6 a 5.2±0.7 a 5.4±1.2 a 5.1±0.8 a 5.5±1.1 a 5.6±1.6 a 5.5±0.9 a 5.2±1.5 a

Saccharose(%) 15.5±1.1 ab 17.6±1.1 a 16.5±0.9 ab 15.8±0.8 ab 16.5±0.6 ab 16.8±0.9 ab 14.3±0.7 b 15.5±1.0 ab 15.5±0.9 ab

Measurements were conducted 3 months after foliar application of FNPs.
a,b values followed by the same letter are not significantly different according to Fisher’s test (p < 0.05)

doi:10.1371/journal.pone.0166248.t004
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However, further proteomic and genomic analyses are required to further elucidate the precise

biochemical mechanisms of such activity in plants.

Little is still known about the potential hazards of nanomaterial applications in agriculture,

although some reports have recently emerged [5,86,87]. Similarly, although nanomolar appli-

cation of fullerenol in animal tissues appears to be harmless, [88–90] future studies should

address whether FNPs are safe for use in both agriculture and other non-food plant growth

systems. Up to date there are no known references about negative impact of FNPs to plants,

their metabolism and survival. Results of our research emphasize the importance of further

studies in order to elucidate the biochemical impact of FNPs on plants. These findings could

be relevant for agricultural, horticultural and bioenergy industries, especially considering that

water limitations are an increasingly important factor in future plant bioproductivity.
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Supervision: AD SP.

Validation: AD SP.

Visualization: IB AD MB MŽ DA.
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