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Abstract

This study aimed to characterise the chemical properties of fullerenol nanoparticles
(FNP) and zinc oxide nanoparticles (ZnO nano), as well as their physiological and
molecular effects following foliar application on Arabidopsis thaliana. Additionally,

we explored the potential synergistic impact of combining ZnO nano with FNPs to
enhance plant resilience under drought stress conditions. Chemical characterisation
confirmed the successful formation of a stable FNP-ZnO aggregate. The previously
established biostimulatory effects of fullerenol at micromolar concentrations were
reaffirmed, highlighting its unique chemical properties. We demonstrated that a low
dose (10mg/L) of ZnO nano, used as a foliar application for the first time in Arabidop-
sis thaliana, positively influenced drought stress acclimatization. Our findings indi-
cate that FNP and ZnO alleviate oxidative stress by mitigating the impact of reactive
oxygen species (ROS), modulating antioxidant enzyme activities, and stabilising
redox balance. Photosynthetic performance, stomatal conductance and water-use
efficiency were optimized, particularly through fullerenol application, due to its unique
antioxidative and hygroscopic properties. We further analyzed the expression of
selected drought-response genes involved in ABA-dependent and ABA-independent
water deficit acclimation in Col-0 wild-type and pp2ca-1 drought hypersensitive
mutant backgrounds. Our results revealed distinct gene expression changes in
response to nanoparticle treatments, demonstrating modulation of ABA signaling and
stress-related transcription factors. The combined application of FNP and ZnO exhib-
ited unique, synergistic protective effects in drought acclimation. Future research

will further elucidate the direct mechanisms linking these physiological outcomes to
specific nanoparticle properties, paving the way for innovative strategies in sustain-
able agriculture.
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Introduction

Drought is one of the most frequent environmental stressors massively affecting
fundamental processes in plants, such as photosynthesis, transpiration rate, and
stomatal conductance, consequently leading to changes in plant development,
growth, and production and causing crop yield drop. Therefore, developing novel
technologies to boost plant tolerance and resilience to drought stress is a critical
global priority for food security. Such advancements hold the potential to signifi-
cantly improve agricultural productivity by generating resilient crops with increased
yield and quality. Recent studies revealed that nanotechnology is an emerging
platform for producing “stress-smart plants” that can successfully confront current
and future climate challenges [1]. NPs exhibit specific physicochemical properties,
including a high surface area-to-volume ratio, unique chemical reactivity, thermal
stability, surface charge, and electrical conductivity. Engineered nanoparticles
(ENPs) are purpose-designed nanomaterials with at least one dimension below
100 nm, exhibiting tailored chemical and physical properties. Composed of metals,
polymers, semiconductors, or carbon-based materials, ENPs are widely used in
biomedicine, electronics, environmental and agricultural applications. These char-
acteristics make ENPs suitable for advancing modern agriculture by offering tools
to enhance crop growth and resilience [2]. The interaction of ENPs with soil and
plants is primarily governed by their absorption capacity, behavior in soil matri-
ces, stability in soil environments, uptake through roots and leaves, translocation
through xylem and phloem, and interaction with key biomolecules such as proteins,
RNA, and DNA [3]. Thus, these properties are crucial for the effective application
and functionality of ENPs in agricultural settings [4].

Within the broader field of nanomaterials, carbon-based (in the first line, graphene,
carbon nanotubes, and fullerenes) and metal-based nanoparticles (including nano
Zn0) have garnered particular attention in recent years. These studies increasingly
focus on the beneficial application of carbon-based nanoparticles due to their prom-
ising roles in enhancing plant health, productivity, and resilience, as reviewed by
Sigala-Aquilar et al. 2024 [5].

Fullerenols (fullerenol nanoparticles, FNPs) are polyhydroxylated derivatives
of fullerenes, including C,, C,., C,,, and others, with varying numbers of hydroxyl
groups per molecule, influencing the unique physical, chemical, and biological
properties of fullerenols [6]. Due to its commercial availability and good solubility in
water, fullerenol with 24 hydroxyl groups [C, (OH),,] has shown the most promis-
ing reproducibility among all synthesized fullerenols, making it a benchmark in the
biological field [7]. The synthesized FNP used in this study contains 24 hydroxyl
groups — a form with which we have extensive experience across various in vitro
and in vivo biological models. Fullerenols bearing 18 or 40 hydroxyl groups differ
in both structural organization and surface charge characteristics compared to the
24-hydroxylated FNP, which can ultimately result in distinct biological responses.
This is related to the synthesis procedure that yields the purest single product with
a defined number of hydroxyl groups and with stable values of surface charges at a
wide pH range [7,8].
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Throughout the last decade, numerous studies have addressed the impact of hydroxylated fullerenes on plants, with
most findings pointing to concentration-dependent beneficial effects that vary depending on treatment duration and meth-
ods, including foliar, seed, and root applications. Many studies suggest that fullerenols hold promise as a sustainable and
effective tool for enhancing plant growth and resilience to various environmental stresses by triggering various biochem-
ical, morphological, physiological, and molecular modifications in different species. For instance, fullerenol promoted
hypocotyl elongation in Arabidopsis thaliana [9] and root growth in barley [10] and wheat [11]. FNP can also promote
biomass production and water content [12], essential nutrient uptake [13,14], improve the efficiency of photosynthesis
[15], modulate secondary metabolite levels, and alleviate oxidative stress by serving as a reactive oxygen species (ROS)
sponge [16—18]. Recent advancements, including our previous study [16] highlighted the potent role of FNPs against
drought stress. Xiong and coworkers [15] stress that foliar fullerenol applications induced abscisic acid (ABA) biosynthesis
in drought-stress Brassica napus by down-regulating ABA catabolic genes, indicating hormone-related immune response.
Further, transcriptomic analysis revealed changes in gene expression related to carbohydrate and amino acid metabolism
and secondary metabolite synthesis, which improved water deficit tolerance [19]. The great potential of water-soluble
hyper-harmonized hydroxyl-modified fullerene in addressing water scarcity is provided by Suboti¢ et al. (2022), who
reported a reduction of oxidative stress through upregulation of aquaporin gene expression in drought-stressed Solanum
lycopersicum plants [18].

Besides FNPs, metal-based nanoformulations, such as zinc oxide nanoparticles, are frequently used NPs to mitigate
abiotic stresses. The rationale for ZnO nanoparticles usage relies on the fact that Zn is an essential micronutrient with a
pivotal role in plant growth and development. Therefore, foliar application of micronutrients is increasingly favoured in field
applications due to its environmentally friendly approach. It offers advantages over traditional soil fertilisation, often posing
challenges such as toxicity or reduced accessibility from chelation with soil organic matter [20]. Recent research has
focused on establishing effective concentrations and application protocols for ZnO nanoparticles to support plant growth
and enhance stress tolerance, aiming to position these nanomaterials as viable tools for sustainable agriculture. Pullagu-
rala et al. (2018) identified a concentration threshold, suggesting that low doses of ZnO nanoparticles, less than 20mg/l in
foliar applications, tend to enhance plant growth and specific stress tolerance traits [21]. Recent findings reviewed this evi-
dence by emphasising the promotive effect of foliar application of Zn nanoparticles in photosynthetic activity, modulating
enzymatic processes and related gene expression, enhanced nutrient and carbon use efficiency, and altered secondary
metabolites supporting antioxidant defenses [22,23].

The other side of the coin is the potential toxicity of NPs, which is mainly linked to NPs concentration and duration of
plant exposure to nanomaterials. Research by Kovel et al. (2021) suggests that fullerenols with fewer -OH groups tend
to exhibit higher toxicity than those with more hydroxyl groups, indicating a functional relationship between hydroxylation
and biological effects [24]. Conversely, the toxicity of ZnO nanoparticles is mainly attributed to their high intracellular
concentrations, leading to excessive ROS production [25—-28]. Despite the significant struggles, it is still unclear how NPs
behave in the plant-soil system and how they trigger plants’ defence mechanisms, including metabolomic, proteomic, and
genomic strategies, to cope with various environmental stresses. Even though drought stress responses in the model
organism Arabidopsis thaliana have been extensively explored, sufficient knowledge of NP behaviour and their impact on
the biological systems is still lacking [29]. For instance, it is well known that ABA is a core component that orchestrates
many adaptive responses in plants, including activation/inhibition of stress-responsive genes [30]. However, insufficient
comprehensive research on the underlying mechanisms that lead to enhanced drought tolerance is still missing since
different species and ecotypes possess variations in plant plasticity to cope with harsh environmental conditions [30].
Therefore, using model organisms and different ecotypes can be a benchmark for understanding pathways and networks
involved in drought response. Also, comprehension of their role at the ultrastructural and molecular levels is added value
in defining their function, whether NPs act as stress indicators or stress inhibitors [1]. Furthermore, understanding the
mechanisms behind NP-plant interaction is pivotal before adopting them in agricultural systems.
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Given all these insights, one of our research objectives is to examine the effects of low-dose foliar applications of

ZnO nanoparticles (10mg/l) on drought stress resistance in Arabidopsis thaliana, specifically by assessing physiological
responses and drought-related gene expression. To the best of our knowledge, the impact of low-dose ZnO nanoparticle
foliar treatments on A. thaliana has not been previously explored. We further hypothesise that a combined application of
Zn0O nanoparticles and fullerenol nanoparticles (FNPs) could integrate the unique properties of each, creating a synergis-
tic formulation with potential agricultural applicability. Lastly, we propose that unique fullerenol nanoparticle properties can
be eventually observed through physiological and metabolic profiling of foliar-treated plants, focusing on the expression of
selected drought-responsive genes in drought-stressed Arabidopsis thaliana.

Materials and methods
Chemicals used

The chemicals used were sourced from Merck: HCI (115186); Br, (207888), ethanol (100974); NaOH (221465); C,
(379646); ZnSO,-7H,0 (221376); bulk ZnO (108849); nano ZnO (544906). The fullerenol containing 24 hydroxyl groups
(C4,(OH),,) was synthesized through a two-step chemical process. In the first step, catalytic bromination of Ceo with ele-
mental bromine was carried out in the presence of FeBr;. This reaction yields a single reaction product, CeoBr,,, without
occluded bromine, and with well-defined Th symmetry [31]. In the second step, the bromine atoms were fully substituted
by hydroxyl groups through a reaction carried out in an alkaline aqueous environment. The resulting reaction product is a
molecule exhibiting high symmetry with a defined arrangement of —OH groups [8]. In aqueous solution, the fullerol mole-
cules form stable nanoparticles with a zeta potential of approximately -25 mV to =50 mV [16,31,66].

Nanoparticles characterization

Dynamic light scattering (DLS) was used to determine the hydrodynamic size of nanoparticles in water, while electro-
phoretic light scattering (ELS) was used to measure surface charge (zeta potential, ¢). The first samples were measured
after prior sonication, simultaneously with foliar application (treatment time). A second set of DLS and ¢ potential analyses
of the samples were conducted to assess whether 24-hour standing resulted in changes in particle size distribution and
sample electrification. Measurements were performed using a Zetasizer Nano ZS (Malvern Instruments Inc, UK). All DLS
analyses were conducted in triplicate, while zeta potential measurements were performed in duplicate. Powder mor-
phology was characterised by scanning electron microscopy (SEM) using an Apreo 2 C Scanning Electron Microscope,
Thermo Fisher Scientific, Waltham, MA, USA. Powder samples were gold-coated under a high vacuum prior to measure-
ment. X-ray diffraction (XRD) was measured using a Rigaku Miniflex 600 Powder X-ray diffractometer. FTIR spectra of the
samples were recorded on a Thermo Nicolet iS20 FTIR spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
with Smart iTR™ ATR Sampling accessories, in the range of 4000-400cm™".

Plant material and experimental design

Arabidopsis thaliana plants were grown in pots with ready-to-use soil, with seeds sown immediately after sterilization. The
plants were cultivated under controlled growth conditions of 14/10h light/dark cycle, day/night temperatures of 22°C/18°C,
with illumination intensity of 100 ymol/m?/s. Two genotypes were used in this study: (1) ecotype Columbia (Col-0) wild type
and (2) pp2ca-1 insertional mutant, encoding the Protein Phosphatase 2 C(PP2C), a negative regulator of the abscisic
acid signalling pathway [32]. Since PP2Ca is a negative regulator of the abscisic acid pathway, plants typically exhibit

a more pronounced response to drought stress when this gene is disrupted. The plants were grown for approximately

25 days before foliar treatments were applied. The treatments included: Control (distilled water), FNP100 (100 pmol/L

of fullerenol), FNP100-ZnO nano (100 umol/L of fullerenol with 10mg/L ZnO nanoparticles), ZnO nano (10 mg/L of ZnO
nanoparticles), and bulk ZnO (mock Zn treatment with 10mg/L of bulk ZnO). After treatment, irrigation was withheld from
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half of the plants to induce drought stress, culminating eight days later when soil moisture content reached 8-10 vol%.
Ten plants per treatment were analysed, with 5—7 plants used for photographic documentation (supplemental material, S1
Fig in S1 File). Photosynthetic parameters were measured in vivo, and plants were subsequently harvested for biochemi-
cal and molecular analyses.

Photosynthetic parameters

Photosynthetic rates (PN) and stomatal conductance (gs) were measured using an LCpro+ Portable Photosynthesis
System (ADC BioScientific Ltd), with 12 replicates measured across four plants per treatment. Water use efficiency (WUE)
was calculated as the ratio of photosynthetic rate to transpiration rate (PN/T), while intrinsic water use efficiency (i\WUE)
was calculated as the ratio of photosynthetic rate to stomatal conductance (PN/gs). All measurements were taken under
controlled light conditions with photosynthetically active radiation (PAR) set at 800 umol m2 s™' using the LCpro+ light unit.
A consistent ambient airflow of 100 ymol s™ was maintained, with constant temperature, humidity, and CO, levels through-
out the experiments.

Relative chlorophyll content (SPAD), leaf thickness, and chlorophyll fluorescence parameters were measured using
the MultispeQ V 2.0 device (PhotosynQ Inc., USA) following the Photosynthesis RIDES 2.0 protocol. Eight leaves per
treatment were analyzed, and measured parameters were: gH+ (thylakoid membrane conductivity to protons), vH+
(steady-state proton flux), Phi2 (quantum yield of photosystem Il), Fv/Fm (variable-to-maximal fluorescence ratio), PhiNQ
(non-regulatory energy dissipation), and NPQt (non-photochemical quenching).

Biochemical stress markers and antioxidant activity analyses

Four technical replicates were pooled from 10 plants per treatment for each biochemical parameter. Protein concentration
was determined using the Bradford method [33], with results expressed in mg of protein per gram of fresh plant mate-
rial. Reduced glutathione (GSH) content was quantified following the protocol by Kapetanovi¢ and Mieyal, (1979) [34].
Plant material was homogenised in 5% sulfosalicylic acid and centrifuged at 3000 rpm for 10 minutes. The supernatant
was mixed with Ellman’s reagent, and absorbance was measured at 412nm after a 5-minute reaction. GSH content was
expressed as pmol of reduced glutathione per mg of protein. Proline content was measured following Bates et al. (1973)
[35] with modifications by Lee et al. (2018) [36], where plant material was homogenised in sulfosalicylic acid, centrifuged,
and the supernatant mixed with a 1.25% ninhydrin solution in 80% acetic acid. The mixtures were incubated at 100°C for
30 minutes, and absorbance was measured at 595nm. Proline content was expressed as nmol per gram of fresh plant
mass. Lipid peroxidation (LP) was assessed by measuring thiobarbituric acid reactive substances (TBARS) extracted from
fresh plant material using a mixture of thiobarbituric acid (TBA), 10% perchloric acid (PCA), and 20% trichloroacetic acid
(TCA) in a 1:3 ratio. Test solutions consisted of 0.25ml of plant extract and 2.25ml of TBARS extraction solution. After
incubation at 95°C for 30 minutes, followed by cooling and centrifugation (3000 rpm for 10 minutes), the absorbance of the
supernatant was measured at 532nm. TBARS content was expressed as nmol equivalents per mg of protein [37].
Ascorbate peroxidase (APx, E.C. 1.11.1.11) activity was determined spectrophotometrically by monitoring the reduction
in absorbance at 290 nm upon H,O, addition, following, Nakano and Asada (1981) [38] and Amako et al. (1994) [39]. Cata-
lase (CAT, EC 1.11.1.6) activity was measured following the absorbance decrease at 240 nm [40].

RNA Isolation and quantitative RT-PCR analysis

Total RNA was isolated from 0.1 g of fresh plant material (leaves) from each treatment, frozen in liquid nitrogen, and stored
at —80°C until analysis. RNA isolation was performed using the Qiagen RNeasy Plant Mini Kit (catalogue number 74903).
After isolation, RNA concentration in the samples was measured using a Biospec Nano Shimadzu UV spectrophotometer
(Shimadzu, Biotech). According to the manufacturer’s instructions, total RNA was reversely transcribed into cDNA using
the High-Capacity RNA-to-cDNA Kit (catalogue number 4387406 AB). The reaction was run in an Eppendorf Mastercycler
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Gradient PCR machine (model 5331) with the following thermal program: 37°C for 60 minutes, 95°C for 5 minutes, and
cooling at 4°C. Further, cDNA concentration was determined using the Qubit 2.0 Fluorometer (Invitrogen-Thermo Scientific,
USA), with satisfactory results of <20ng/20 ul reaction and absorbance ratios OD 260/280>1.7 and OD 260/230>2.2.

Gene expression analysis was performed using all ten samples and the following oligonucleotide primers targeting
specific genes: AREB1/ABF, PYL4, PP2CA, PYR1, ABF3, RD29B, ABI2, DREB19, DREB2A, DREB2B, RD29a, along with
reference genes ACT2 (S1 Table in S1 File). According to a pre-established protocol, the reactions were carried out on a
QuantStudio 5 Real-Time PCR system (Applied Biosystems, Thermo Fisher Scientific). Reaction preparation was con-
ducted under sterile conditions in a laminar flow cabinet (BioBase BSC-1300 Il A2-X).

The experiment type was AACt, with the Melt Curve option included. The reaction was set to fast run mode with the fol-
lowing thermal cycling program: initial step 95°C for 20's, denaturation 95°C for 15, annealing 60°C for 20's, repeated for
40 cycles, followed by the melt curve stage: 95°C for 15s, 60°C for 20s, and 95°C for 1s. The calibrator used was control
(optimal conditions), and the endogenous control was the reference gene ACT2. Results of relative gene expression (RQ)
are presented as log10 values.

Data analysis

Data were analyzed, tested, and plotted with R version 4.1.2 and R Studio version 2022.02.3 (R Core Team 2021) and pre-
sented as meanztstandard error (SE). We employed a mixed-effects model with Type Il ANOVA to analyze data in general,

but also data characterized by tied values in the control group, with two-factor variables alongside one random variable. This
approach was chosen to appropriately account for the nested structure of the data, where observations within each group are
not independent, and to robustly test the main effects and interactions of the factors while controlling for other predictors in the
model. Type Il ANOVA was preferred as it provides unbiased estimates of main effects and interactions without being influenced
by the order of terms in the model, ensuring accurate inference despite the presence of tied values and potential complexity

in the experimental design. The mixed-effects model was fitted using the ImerTest package [41] in R, with the model formula
y~treatment * condition + (1|rep), accommodating the nested structure of the gene expression data with tied values in the
control group and two-factor variables alongside one random variable. The ANOVA analysis “car’ package [42] was conducted
to assess the significance of the main effects and interactions. Estimated marginal means were derived using the emmeans
package [43], followed by pairwise comparisons with Tukey adjustment and letter-based comparisons using the cld function
with Sidak adjustment for multiple comparisons, providing comprehensive insights into the differential expression patterns
across treatment conditions. lonome content data were analyzed using a linear model with the formula y~treatment x condition,
followed by a two-way ANOVA (Type I) for each parameter to test the effects of treatment, condition, and their interaction. Post
hoc pairwise comparisons (Sidak-adjusted) were conducted for all treatment x condition combinations to identify specific group
differences for each analyzed element. Detailed ANOVA output tables for each parameter are provided in the Supplementary
Information (S2—S5 Tables in S1 File). Data visualisations were done with “ggplot2” package [44].

Principal Component Analysis (PCA) was performed with the ade4 package [45] on correlation matrices. Evaluation of
components retained in PCA was done with “paran” package [46], which employs Horn’s parallel analysis [47] to check
for finite sample bias in the retention of components. The approach contrasted the eigenvalues from PCA performed on
random datasets (30 x (dataset variables)) with the same as in the input dataset. Together with inspecting PCA biplots,
we decided to keep the first two principal components (PC) for further analysis and interpretation. Package factoextra was
used for plotting PCA biplots [48].

Results and discussion
Physico-chemical characterization

To explore the relationship between the chemical properties of nanoparticles and the observed physiological effects in
treated plant models, we first conducted a detailed characterization of the nanoparticles used. To get better insight into the
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structure and to determine the nanoparticles’ physical and chemical properties, the samples were analyzed using Scan-
ning electron Microscopy (Fig 1), Dynamic Light Scattering (DLS) and zeta potential measurements (Fig 2), X-ray diffrac-
tion (Figs 3 and 4), and FTIR analyses (Fig 5).

SEM images of nano ZnO nano (Fig 1b, c) reveal the surface and characteristic crystal shape of ZnO nanoparti-
cles measuring 49.06 nm. SEM micrograph of FNP (Fig 1a) shows the formation of amorphous, irregular rod-shaped
submicron particles, consistent with images from previous studies [49]. The FNP/ZnO nano combination under 20000x
magnification (Fig 1d) shows a significantly different morphology than the FNP micrographs in Fig 1a. Under the same
magnification of 20000x, characteristic micrometre-scale rod-shaped forms of FNP cannot be observed (unpublished
results), nor can the surface of ZnO nano. Particles formed in water from ZnO nano and FNP are better visible under
100000x and 250000x magnification, measuring 31,89 nm.

Dynamic Light Scattering (DLS) measurements of aqueous solutions of nano FNP100 revealed particle size distribu-
tions by number, with a peak at 38 nm representing 21%, consistent with previous results6 (Fig 2a, red line). The mea-
sured ¢ potential of the FNP100 solution was -25.5 mV (Fig 2b, red line). Particle size distribution by number of ZnO nano
showed that most of the particles have a size of about 295nm (Fig 2a, black line), implicating that ZnO nano particles
in water form agglomerates since separate individual particles have sizes of about 20—40nm (Fig 3, XRD of ZnO nano).
The surface charge (C potential) of ZnO nano was measured and expressed as a mean value of -21.5 mV (Fig 2b, blue
line). In the combination of FNP100 and ZnO nano at a molar ratio of FNP 100 ymol/ZnO nano 1.3 umol, the particle size
distribution by number showed that two sizes of about 91 nm (21%) and about 220 nm (24%) (Fig 2a, blue and green line,

L e

5

300nm

Fig 1. SEM images of a) FNP at a magnification of 20000x; b,c) nano ZnO of 25000x and 150000x, respectively; d, e) SEM images of FNP100-
ZnO nano at a molar ratio of FNP 100 umol/ZnO nano 1.3 pmol at magnifications of 100000x, and 250000x, respectively.

https://doi.org/10.1371/journal.pone.0330022.9001
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Fig 2. DLS and zeta potential analyses. Particle size distributions by number: a) FNP100 (red line), ZnO nano (black line) and FNP100-ZnO nano
combination at a molar ratio of FNP 100 pmol/nano ZnO 1.3 pmol, after 30 minutes, in aqueous solution (green line, ZnO as referent material and blue

line, FNP as referent material). b) ¢ potential of FNP100 (red line), ZnO nano (blue line) and FNP100-ZnO nano combination at a molar ratio of FNP 100
pumol/nano ZnO 1.3 pmol (green line), in aqueous solution.

https://doi.org/10.1371/journal.pone.0330022.9002

respectively) highlighted as dominant, due to the material used as a referent. The size of the particles of the FNP100-ZnO
nano combination, 91 nm, can be considered the result of mutual repulsion of negative surface charges, indicating that
FNP inhibits the self-aggregation of ZnO nano particles in the aqueous solution.

After 24 hours of standing in the dark, the solutions were remeasured, with no change observed except with the
FNP100-ZnO nano combination sample, where the particle size distribution was slightly shifted towards 164 nm for both
referent materials used (S3a Fig in S1 File), indicating the stabilisation of the combination agglomerates. These consec-
utive measurements indicate slower formation of stable FNP100-ZnO nano composite nanoparticles, confirming the cor-
relation with SEM measurements. The ¢ potential of FNP100-ZnO nano at a molar ratio of FNP 100 ymol/nano ZnO 1.3
pmol was about —42 mV regardless of the material used as referent (Fig 2b, green line). After 24h, the mean value of zeta
potential shifted towards —35 mV, confirming the consolidation of the FNP100-ZnO nano combination (Supplement, S3b
Fig in S1 File). The obtained surface charge values of the FNP100-ZnO nano formulation indicate the formation of stable
nanoparticles in water at a pH of around 7.

Fig 3 shows the XRD diffractograms of nano and bulk ZnO. Fig 4 represents the diffractograms of the FNP and FNP/
Zn0O nano combination (FNP100-ZnO nano) in a molar ratio of FNP 100 ymol/ZnO nano 1.3 pmol, along with peaks for
determining the crystal size.

X-ray structural analysis of ZnO nano powder yielded similar crystallite size results from three peaks. Analysis of the
three peaks (Fig 3a—3c) yielded similar crystallite size results for nano and bulk ZnO samples: peak 1 ZnO nano (blue
peak) 23 nm; bulk ZnO (red peak) 34 nm, peak 2 ZnO nano (blue peak) 22 nm.

Based on the FTIR spectra shown in Fig 5, the characteristic bands for ZnO nano observed at 3447 cm™, 2923cm™,
1635cm™, 1384cm™, 1066cm™, 701cm™, and 510cm™, are consistent with literature reports [50-52]. The band
at 510cm™ corresponds to Zn—O stretching vibrations, while the broad peak at 3447 cm™ indicates O—H stretching
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https://doi.org/10.1371/journal.pone.0330022.9003

vibrations. Additional bands at 2923cm™" and 1635cm™ reflect bending vibrations, highlighting the presence of hydroxyl
groups due to atmospheric moisture [53]. For FNP, FTIR spectra show characteristic bands at 3405cm™"' (O-H stretching),
1595cm™, 1384 cm™ (C=C and C—C stretching), 1694cm™, and 1075cm™" (C-O stretching), which align with reported
findings [54,55]. The FTIR spectrum of the FNP and ZnO nano combination exhibits shifts and new bands compared to
individual components. The results of FTIR measurements indicate that the shift of the OH band from 3405cm™ (in FNP)
and 3447 cm™ (in ZnO nano) to 3440cm™ in the combination suggests the formation of hydrogen bonds between the OH
groups in FNP and ZnO nano (Fig 5). The band at 1595cm™" (C=C) in FNP shifts to 1622cm™, and the band at 1076 cm™
(C-0) shifts to 1097 cm™, indicating the presence of compelling electrostatic interactions between ZnO nano and FNP. The
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appearance of the C-O band (1097 cm™) in the combination indicates the preservation of these groups and interactions
with ZnO nano. New bands at 795cm™ and 469cm™, likely arising from M—O bonds, reinforce the structural interaction
between FNP and ZnO nano, while some ZnO nano bands at 701 cm™ and 510cm™" disappear. FTIR analysis supports
the conclusion that FNP and ZnO nano particles are potentially interconnected through hydrogen bonding.
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Assessment of leaf phenotypic changes indicates NP specificities

Treatments application minimally affected the leaf thickness, a differential of leaf mass and area (Fig 6). However, under
control conditions in the Col-0 background, NP treatments barely affected this parameter. In contrast, treatment with bulk
ZnO led to an almost 50% increase in thickness. This observation is interesting since it might imply differential utilization
of zinc in two applied forms. Also, it putatively shows that the effect of NP is channeled through other means of activity,
minimally affecting morphology. Analysis of leaf thickness in the pp2ca-1 background revealed a reduction under FNP100
treatment in both optimal and drought conditions (Fig 6). However, the changes were not significantly affected. Leaf
rosette phenotypes are provided in the supplemental information (S1 Fig in S1 File).

Col-0 pp2ca-1
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Fig 6. Phenotypic changes are associated with both NP application and drought treatment.

https://doi.org/10.1371/journal.pone.0330022.9006

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 11725



https://doi.org/10.1371/journal.pone.0330022.g006

PLO\Sﬁ\\.- One

Fullerenol and ZnO nano support photosynthetic assimilation and alleviate oxidative damage in drought-stressed
plants

Multivariate analysis showed a clear separation between optimal and drought conditions. At the same time, among treat-
ments, FNP100 exhibited the most substantial impact in treatments clustering (Fig 7), suggesting its profound impact on
photosynthesis-related traits.

No statistically significant changes were observed in chlorophyll levels, based on SPAD levels, except for a reduction in
pigment levels in ZnO-treated drought-exposed pp2ca-1 plants (Fig 7). As expected, the photosynthetic net rate (PN) was
reduced under drought conditions. However, this reduction in CO, assimilation was significantly alleviated by the FNP100
and FNP100-ZnO nano treatments, reaching the highest PN values under combined treatment. t. A similar pattern was
observed for stomatal conductance (gs), which, in turn, was reflected in water use efficiency (WUE) values (Fig 7D, E).
Interestingly, the opposite trend was seen in intrinsic water use efficiency (iWUE), where the same treatments caused a
slight decrease compared to control plants.

Other photosynthetic-related traits, such as proton conductivity (gH+), steady-state proton flux (vH+), photosystem Il
quantum yield (Phi2), non-photochemical quenching (NPQt), and non-regulatory energy dissipation (PhiNO), did not show
statistically significant changes compared to the corresponding controls (as detailed in the Supplementary Material, S2 Fig
in S1 File). The only notable alteration was a significant reduction in NPQt in drought-exposed Col-0 plants treated with
ZnO nano solutions (S2 Fig in S1 File).

The PCA plot showed a clustering of optimally grown plants for both genotypes on the right side of the plot, with FNP100
treatment being distinctly separated from the corresponding control groups. Under drought conditions, the FNP100 treatment
also triggered a unique plant response in pp2ca-1 plants, resulting in a migration farthest along both axes. In Col-0 drought-
stressed plants, the ZnO nano treatment, followed by the combined FNP100-ZnO nano treatment and the individual FNP100
treatment, were separated entirely from the corresponding control towards the positive side of the Dim1 axis.

Significant changes in antioxidant enzyme activity and biochemical stress indicators were observed across the applied
treatments, particularly those involving FNP (Fig 8). Multivariate analysis showed that FNP100 had the most substantial
impact on enzyme activities and small molecules accumulation (Fig 8). Plant backgrounds clustered independently, as
expected, with pp2ca-1 mutant showing limited distinction within treatments.

The FNP100 treatment significantly reduced proline content in Col-0 plants exposed to drought, resulting in a six-fold
decrease compared to the control (Fig 8F). The same trend was observed concerning ZnO nano and FNP100-ZnO nano
combination treatment. Thus, proline levels were reduced compared to the control under drought conditions.

Reduced glutathione (GSH) content, which spiked sharply under water deficit compared to optimal conditions, was sig-
nificantly lowered by both FNP100 and FNP100-ZnO nano treatments in both genotypes (significantly in Col-0) compared
to the corresponding control.

For TBARS, a measure of lipid peroxidation, drought stress predictably led to a significant increase in lipid peroxidation
levels, more so in Col-0. However, similar to GSH, FNP100, followed by the FNP100-ZnO nano and ZnO nano treatments,
mitigated this increase, resulting in lower TBARS levels than control plants under drought conditions. This alleviation of
oxidative stress was more pronounced in Col-0 plants.

Under optimal conditions, catalase activity was similar across all treatments, but it showed a marked increase in
drought-stressed plants (Fig 8D). Compared to control plants under drought conditions, when observing Col-0 plants,
catalase activity was further enhanced by the FNP 100, followed by the ZnO nano and FNP100-ZnO nano joint treatments.
In pp2ca-1 mutant, this response was diametrical for FNP100 and FNP100-ZnO nano, with reduced catalase activities.

A similar trend was observed for ascorbate peroxidase (APx) activity, with the FNP100 treatment causing a statistically
significant increase in Col-0 compared to control plants under drought conditions.

The PCA plot revealed that in Col-0, the FNP100 treatment had the most substantial impact on antioxidant enzyme
activity and stress indicators, as it was distinctly separated from other groups along the negative side of the Dim1 axis in
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Fig 7. The carbon sequestration capacity of NPs-treated plants is regulated at the stomatal level upon drought. (A) Relative chlorophyll content.
(B) Photochemical efficiency under light conditions (efficiency of PSIl in converting absorbed light energy into chemical energy). (C) Net photosynthesis.
(D) Stomatal conductance of water vapour. (E) Water use efficiency is expressed as the ratio of net photosynthesis and transpiration. (F) Intrinsic water
use efficiency is expressed as the ratio of net photosynthesis and stomatal conductance of water vapour. (G) Principal component analysis plot. Data
clustering is based on the treatments and plant background. Data are presented as meanzse, with independent measurements depicted as data points.
Letters indicate significant differences based on the Tukey HSD test. The sample size is 15 replicates per condition. Detailed ANOVA output tables for
each parameter are provided in the Supplementary Information S2 Table in S1 File.

https://doi.org/10.1371/journal.pone.0330022.9007

drought. A notable separation was also observed for the FNP100-ZnO nano treatment, followed by the ZnO nano treat-
ment. Interestingly, the bulk ZnO treatment showed minimal distinction from the control, with their plots almost completely
overlapping, indicating a comparatively weaker effect. In optimal conditions, both genotypes agglomerated rather close on
the plot. Observing pp2ca-1 mutant plants in drought, the distinction is similar to that of Col-0 with FNP100, ZnO nano and
FNP100-ZnO nano treatments clearly up on the plot towards the positive side of Dim1.

Environmental stress factors, especially drought, lead to excessive production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), particularly in redox-active organelles such as chloroplasts, mitochondria, and peroxisomes.
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Fig 8. Antioxidant system response and ROS scavenging are differentially regulated under FNP and Zn treatments. (A) Accumulation of free
proline. (B) Accumulation of reduced glutathione. (C) Thiobarbituric-reactive substances accumulation (TBARS). (D) Catalase activity. (E) Ascorbate-
peroxidase activity. (F) Principal component analysis plot. Data clustering is based on the treatments and plant background. Data are presented as
meanzse, with independent measurements depicted as data points. Letters indicate significant differences based on the Tukey HSD test. The sample
size is four replicates per condition. Detailed ANOVA output tables for each parameter are provided in the Supplementary Information S3 Table in

S1 File.

https://doi.org/10.1371/journal.pone.0330022.9008
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Here, intense electron flow generates ROS through mechanisms like the Fenton reaction or Haber—Weiss cycle [56]. When
plants are exposed to various abiotic and biotic stresses, this increase in ROS production can damage vital biomolecules.
However, ROS also serve as reliable signalling molecules that initiate acclimation responses [57]. Among these, hydrogen
peroxide (H,0,), which is longer-lived than singlet oxygen ('O,), plays a critical role in the ROS signalling pathway, inducing
strong stress responses [58]. The most reactive ROS in plant cells is the hydroxyl radical (OH¢), derived from the superoxide
anion radical (O,*—) and H,0,, catalysed by iron, and capable of reacting with all biomolecules and metabolites.

Our results confirm that FNP treatments, both individually and in combination with ZnO nanoparticles, provide clear
benefits in dampening ROS levels and stabilizing redox homeostasis in plant cells. We observed that shifts in catalase
and ascorbate-peroxidase activities aligned with reductions in proline and glutathione spikes under drought stress, further
supported by decreased TBARS levels, an oxidative stress indicator. Similar findings were previously reported in sugar
beet, where fullerenol nanoparticles containing 24 hydroxyl (OH) groups demonstrated antioxidative potential as a foliar
treatment [16]. Other studies have also validated the antioxidative effects of fullerenols (C, (OH)x) in barley [10], spring
wheat [13], Brassica napus [15,19] and Solanum lycopersicum [18].The direct antioxidant mechanisms of fullerenols have
been characterized in different experimental setups. Fullerenols scavenge hydroxyl radicals via two pathways: firstly,
hydroxyl radicals can add to the abundant sp? carbon atoms within fullerenol molecules [59,60] secondly, OH- radicals
abstract hydrogen electrons from fullerenols, resulting in a relatively stable PHF radical [61]. Fullerenols’ multiple hydroxyl
(-OH) groups also enable the scavenging of OHe via a hydrogen abstraction mechanism. The electrophilic nature of fuller-
enols, ranging from 1 nm molecular structures to stable polyanionic particles (20—100nm) over a wide pH range, catego-
rizes them as exceptional antioxidants in biological systems [6]. Additionally, fullerenols neutralize O,- and 'O, species via
peroxyl radicals and hydrogen bonding [62,63] while also eliminating NO- radicals [8,64]. Studies have further validated
fullerenols antioxidant properties in bacterial models [65].

Another mechanism of action involves an indirect effect of fullerenol on water supply. Fullerenols act as non-selective
“sponges,” noncovalently binding significant amounts of water. Although not experimentally confirmed in this study, pre-
vious work by our coauthors has shown that water molecules interlock within fullerenol self-assembled aggregates, with
notable water release from solvation layers occurring when temperatures rise above 36°C [66]. This interlocked water
may act as a reserve that can be gradually released when water potential drops under drought or temperature stress.
Consistent with this, our findings demonstrate that fullerenol treatment under drought conditions reduces proline content,
enhances stomatal conductance (more so under drought), and lowers intrinsic water use efficiency, with effects amplified
in drought-sensitive mutants. Previous studies also observed proline reduction under fullerenol (C, (OH),,) treatment in
drought-stressed sugar beet [16] and Brassica napus, where fullerenol application led to upregulation of aquaporin genes
and significant increases in leaf relative water content and weight [19]. Notably, Ozfidan-Konakci et al. (2022) found that
when pure C,, (without OH groups and correlated hygroscopic properties) was applied to corn under cobalt stress, an
antioxidant effect was observed, but proline concentrations increased, demonstrating a contrasting response [17].

These findings suggest that the combined antioxidant and the ability of FNPs to interact with water, attributable to their
numerous surface hydroxyl (~OH) groups, might support increased photosynthetic rates, both when applied individually
and with ZnO nanoparticles. The polarity of these hydroxyl groups facilitates hydrogen bonding with water molecules,
potentially improving water availability and contributing eto enhanced stomatal conductance under drought stress in both
Col-0 and pp2ca-1 mutant plants.Although to a quantitatively smaller extent, a 10 mg/L foliar application of ZnO nanopar-
ticles also enhanced Arabidopsis drought tolerance, reducing oxidative damage and supporting photosynthetic activity.
Notably, ZnO nanoparticle treatment significantly reduced non-photochemical quenching (NPQt) in drought-stressed
Col-0 plants (Fig S3 in S1 File). To the best of our knowledge, no studies have been conducted on the foliar application of
ZnO nanoparticles specifically to Arabidopsis thaliana. However, the positive effects observed here align with previously
described ZnO nano properties, including antioxidant activity and potential modifications to osmotic and carbohydrate
metabolism and photosynthetic processes [23].
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Regarding foliar applications to other plant species, recent studies confirm the beneficial impacts of ZnO nanoparticles
at low concentrations (ranging from 25-200mg/L). Similar to our findings, studies report positive effects of foliar ZnO
nanoparticle applications on wheat (25-100mg/L) [67], (50, 100, and 150 ppm) [68], (25—200 mg/L) [69], dragonhead (Dra-
cocephalum moldavica, 40-400mg/L) [70], foxtail millet (Setaria italica, 2.6 mg/L) [7 1], tomato (Solanum lycopersicum,
25-100mg/L [72]; 75—-125mg/L [22]), rice (Oryza sativa, 60 and 120mg/L [73]; 0.75-12kg hm™2 [74]), Vicia faba (50 and
100mg/L) [75], lettuce (Lactuca sativa, 200mg/L) [76], and eggplant (Solanum melongena, 50 and 100mg/L) [77]. Across
these species, ZnO nanoparticles at low concentrations supported antioxidative defense mechanisms, consistent with our
Arabidopsis results.

However, studies on ZnO nanoparticle exposure to the root medium present variable outcomes, showing both stimu-
lative and toxic effects. For instance, in Brassica juncea, beneficial effects were observed at ZnO nanoparticle concen-
trations ranging from 20—-200 mg/L in soil applications [78], while Linum usitatissimum (1—1000mg/L in MS agar medium)
[79] and Pleioblastus pygmaeus (4—16 mg/L in MS agar medium) [80] exhibited boosted antioxidative responses. In
contrast, higher ZnO nanoparticle concentrations generally led to growth inhibition and oxidative stress in several species.
For instance, in tomato, concentrations of 400 and 800 mg/L in soil led to reduced growth, pigment content, and photo-
synthetic activity, whereas 200 mg/L did not affect these parameters [81]. Cytotoxic effects were reported in Allium cepa
grown in hydroponic media at ZnO nanoparticle concentrations between 200-800 mg/L [82].

Interestingly, in Arabidopsis thaliana, most studies report toxicity from ZnO nanoparticle exposure when applied to
the root medium rather than through foliar uptake. For example, Khan et al. (2019) observed no significant effects at
50mg/L applied to the soil via watering, but toxic effects appeared at higher concentrations (100-300 mg/L) [83]. Simi-
larly, Lee et al. (2009) reported toxicity in Arabidopsis grown in agar medium at ZnO nanoparticle concentrations of 400,
2000, and 4000 mg/L, attributing the increased uptake rate to ZnO’s 33-fold higher solubility compared to standard zinc
salts like ZnCl, [84]. ZnO nanoparticle size was also a determinant, with nanoparticles showing more significant toxicity
than micron-sized particles at equivalent concentrations. In hydroponic media, even low ZnO nanoparticle concentra-
tions (0.16—100mg/L) negatively impacted Arabidopsis growth, increasing abscisic acid levels and decreasing growth-
promoting hormones, leading to an overall inhibitory response [85]. Additionally, a seven-day ZnO nanoparticle exposure
at 100mg/L induced 660 genes and inhibited 826 genes, including those responsible for cellular organization, biogenesis,
and plant defence [86]. These findings indicate that the effects of ZnO nanoparticles on plants depend heavily on concen-
tration, plant species, treatment type (foliar vs. root), and nanoparticle size, collectively influencing ZnO bioavailability and
ion release. A general trend suggests that single, low-concentration foliar applications below 200 mg/L often yield benefi-
cial outcomes for plant growth and stress resistance, consistent with our findings in Arabidopsis thaliana.

Additionally, to the best of our knowledge, this is the first study to investigate the synergistic action of fullerenol and
ZnO nanoparticles applied foliarly to mitigate drought stress, thereby opening a novel direction for nano-enabled plant
resilience strategies. It is essential to emphasize that the FNP-ZnO nano combined treatment revealed a synergistic effect
driven by the complementary mechanisms of both applied nanoparticles. While FNP exhibits strong hygroscopic and
antioxidant properties, enabling the modulation of cellular water potential and enhancing ROS scavenging under stress
conditions [6,66], ZnO nanoparticles, on the other hand, may serve as sources of micronutrients and redox modulators,
influencing osmotic balance, ion homeostasis, and oxidative signaling [23,68,69]. The superior performances were evident
in boosting photosynthetic performance (Fig 7B, D) and minimizing oxidative damage under the combined treatment (Fig
8B, C, E), suggesting an additive modulation of key drought-related pathways.

Drought response gene expression is modulated in response to FNP and ZnO nano

Plants possess an adaptive robustness in response to osmotic stresses, such as drought. Aiming to bridge nanomaterials
usage in the environment, it is necessary to untangle the mechanisms underlying the beneficial effects of FNP and ZnO
nanoparticles in plant resilience and tolerance to water shortage. Overall, the unique physicochemical properties of ENPs,
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such as a small size, a large surface area, high cation exchange capacity (CEC), high absorbability, and potent free
radical scavenging capacity, ultimately contribute to the plant’s ability to withstand drought stress [1,4]. It was previously
reported that nanoparticle applications, including FNP and Zn, can modify the transcription of genes involved in biosyn-
thesis and signal transduction of various plant hormones in the first-line ABA [15,87]. ABA is a critical stress-signaling
hormone, one of the core components that can trigger a complex network of signal transduction cascades in molecu-
lar events, leading to physiological and biochemical modifications and consequently contributing to enhanced drought
resistance by diminishing osmotic stress [1,88] Recently, Ning et al. (2024) observed that fullerenol enhances osmotic
stress tolerance by modulating antioxidant transcriptional and epigenetic processes, impacting environmental signaling
pathways [89]. The authors concluded that fullerenol conferred alleviation of osmotic stress by triggering the expression
of antioxidant genes, altering the transcription level and chromatin accessibility of specific genes involved in mitigating
osmotic stress, and modifying chromatin structure. These findings indicate that FNP mediates changes in both early and
late responses to osmotic stress.

We aimed to analyze the ABA signaling network associated with drought stress responses to enhance our under-
standing of how FNP and ZnO nanoparticles affect the expression of stress-responsive genes triggered by water loss.
Fig 9 presents the expression of selected drought stress-related genes for both Col-0 and the pp2ca-1 mutant. Based
on multivariate analysis, it has been shown that different water regimes tested (optimal vs water shortage) segregate
distinctly in Col-0 background. However, this observation was only present in the control group in the pp2ca-1 mutant. It
could be inferred that NP presence in planta triggers osmotic adjustment overall, resulting in increased ABA-related gene
transcript levels, which, without PP2CA regulation, leads to gene up-regulation independent of drought presence/absence.
Fullerenol-induced modulation of ABA metabolism was previously reported by Xiong et al. (2018), who demonstrated that
under drought stress, the application of 1mg L-" fullerenol significantly upregulated the expression of NCED3, a key gene
in ABA biosynthesis, while downregulating CYP707A3, which is involved in ABA catabolism, in Brassica napus [15]. These
results suggest that FNP’s impact on plant metabolism is partly mediated through ABA-regulatory signaling cascades.

PYR/PYL/RCAR proteins, acting as ABA receptors, group A- protein phosphatase 2C (PP2C) as a strong negative
regulator of ABA signal transduction, and SnRK2s as positive regulators are core components in ABA signaling, possess-
ing a putative role in enhancing plants’ resistance to drought [30]. For instance, PYL4 overexpression enhances drought
resistance in Arabidopsis [90]. However, we reported down-expression of PYL4 in Col-0 plants under drought, regardless
of the applied treatment (Fig 9A). On the contrary, FNP provoked overexpression of PYL4 in pp2ca-1 mutant in both opti-
mal and drought treatments. Similarly, PYR1 (Fig 9B) showed higher expression in mutant plants than in Col-0 plants, and
combined FNP100-ZnO nano treatment induced a significant up-regulation under optimum conditions, indicating that com-
bined treatment elicited more robust responses than either nanoparticle alone. Besides, we can see that the FNP effect
is more pronounced in plants hypersensitive to ABA, potentially indicating that FNP primed the plants to a more robust
stress response. Simultaneously, PP2CA gene expression in Col-0 plants was upregulated in both conditions (control and
drought) regardless of the applied treatment. At the same time, it was down-regulated in the pp2ca-1 mutant, demonstrat-
ing partial silencing of PP2CA gene activity in ABA hypersensitivity.

Regarding PP2CA, a negative regulator of ABA signaling, FNP, and ZnO nano treatments provoked decreased PP2CA
expression under drought stress in Col-0 plants (Fig 9C). On the contrary, In the pp2ca-1 mutant, as expected, PP2CA
expression was significantly reduced, confirming the absence of the functional gene in this background. The down-
regulation of PP2CA in response to drought was particularly pronounced in treatments with FNP100 and ZnO nano.
These contradictory expression patterns can be explained by introducing the negative feedback regulatory mechanism,
which modulates the initial ABA response; therefore, ABA-mediate up-regulation of PP2Cs genes simultaneously with
the downregulation of PYLs genes [87]. Additionally, monomeric PYL genes, including PYL4, interact with PP2Cs in an
ABA-independent manner and can interact with PP2Cs even in the absence of ABA [91]. Similarly, the expression level
of ABI2, another protein phosphatase 2C, which acts as a negative regulator of ABA signaling, was suppressed by NPs
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Fig 9. Relative gene expressions and PCA plots of analyzed drought-related genes. Data are presented as meanztse, with independent measure-
ments depicted as data points. Letters indicate significant differences based on the Tukey HSD test. Detailed ANOVA output tables for each parameter
are provided in the Supplementary Information Table S4 in S1 File.

https://doi.org/10.1371/journal.pone.0330022.9009
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treatments under drought stress in both Col-0 and pp2ca-1 mutant (Fig 9D).These molecular responses, including the
downregulation of PP2CA and ABI2 under drought conditions, are reflected in physiological phenotypes such as increased
stomatal conductance and improved CO, assimilation (Fig 7). This suggests that modulation of ABA signaling plays a key
role in enhancing drought resilience, as evidenced by the observed phenotypic outcomes. AREB1/ABF2, AREB2/ABF4,
and ABF3 are transcription factors, that act as downstream mediators of ABA stress response. They are highly induced by
osmotic stress and are thus involved in drought stress tolerance [92,93]. We observed overexpression of ABF2 and ABF3
(Fig 9E, F); however, in both Col-0 and pp2ca-1 mutant plants under drought conditions, FNP and FNP100-ZnO nano
treatments provoked a decrease in ABF2 and ABF3 expression, where a more pronounced effect was evident in mutant
plants. In line with that, Xiong and Ma (2022) reported that the foliar application of fullerenols mitigates the negative effect
of drought at the transcription level [19]. Based on GO analysis, the authors observed that in drought conditions, fuller-
enol leads to the down-regulation of genes related to protein kinase activity, including SnRKs. Since ABFs are activated
via ABA-dependent phosphorylation regulated by SnRK2s, our finding implies that FNP triggers the ABA signaling net-
work and modifies the response of transcription factors that regulate gene expression downstream of SnRKs. However,
since those transcription factors are not exclusive components of the ABA signaling, their expression overlaps with genes
involved in ABA-independent pathways.

DREB genes encode transcription factors binding to dehydration-responsive elements (DREs) and promote drought-
responsive genes independent of the ABA pathway. Similar expression pattern, with few minor exceptions, was estab-
lished for all three analyzed DREB transcription factors, DREB2A, DREB2B, and DREB19, which show constitutive
upregulation in mutant plants (Fig 9G, H, I). Under optimal conditions, all treatments decreased the expression levels of
DREB2A, DREB2B, and DREB19 in Col-0 plants. Conversely, in pp2ca-1 mutant, all treatments significantly upregulated
DREB genes, particularly in both FNP treatments. Under drought, significant changes in DREBs expression occurred
between Col-0 and pp2ca-1 plants. In Col-0 all DREBs were downregulated regardless of treatment, while in pp2ca-1,
the opposite trend was observed, with the most potent effect in FNP treatments. This suggests a consistent impact of
treatments on these ABA-independent genes during drought stress. We demonstrated that FNP triggers DREBs TF by
inducing their overexpression, which is noticed in mutant plants, while this effect is suppressed in FNP100-ZnO nano. Fur-
thermore, the upregulation of DREB genes in FNP-treated ABA-hypersensitive mutants under drought stress corresponds
with the reduction of oxidative stress markers and an increase in antioxidative enzyme activity (Fig 8), indicating its func-
tional role in ROS scavenging. Indeed, it can be seen that FNP is engaged in ABA signal transduction, but we still cannot
clearly distinguish its involvement in ABA-dependent vs. independent pathways. Although it was previously stated that
FNP mediates changes in both early and late responses to osmotic stress [89], time-course experiments would provide a
more detailed mechanistic resolution of gene regulation under drought and FNP and ZnO-nano treatments.

RD29A and RD29B are highly induced by various types of abiotic stress and are regulated primarily by ABA-dependent
pathways. However, RD29A is also influenced by ABA-independent signaling mediated by DREB/CBF transcription factors.
In our data, RD29A showed a partially overlapping expression trend with DREB genes, suggesting potential co-regulation,
whereas RD29B exhibited a response more consistent with classical ABA-dependent signaling genes (Fig 9J, K).

Under optimal conditions, RD29A expression was downregulated in Col-0 but upregulated in pp2ca-1 mutant across all
treatments. Under drought, in pp2ca-1 mutant, RD29A expressions were significantly suppressed by all treatments except
for ZnO nano, where changes were not significant. ABA-inducible RD29B expression showed insignificant variation in
Col-0 under optimal conditions, while it was upregulated under drought but suppressed by FNP100 and ZnO nano treat-
ments, both individually and combined. In pp2ca-1 mutants, a similar pattern was observed, although the changes were
not statistically significant.

The PCA plot (Fig 9L) demonstrated a clear separation between the Col-0 and pp2ca-1 groups while overlapping
among treatments was evident in pp2ca-1 mutant plants. Under optimal conditions, PCA analysis revealed treatment-
induced shifts in gene expression in both Col-0 and pp2ca-1 mutants. FNP100 and FNP100-ZnO nano treatments
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caused the most pronounced shift along Dim1, suggesting a significant impact on drought-related genes. Under
drought, the separation between control and treated groups became more pronounced, especially for FNP100 and
ZnO nano treatments. In the Col-0 background, ZnO-treated plants showed the most robust response to water defi-
cit, while FNP100, FNP100-ZnO nano, and ZnO nano treatments suppressed the drought-induced gene expression
shift. In pp2ca-1 mutants under drought, the FNP100 treatment caused the most considerable shift along Dim1, with
the FNP100-ZnO nano treatment showing a similar tendency. The ZnO nano and ZnO treatments are clustered on the
opposite side of Dim1.

To summarize, FNP included an increased upregulation of most tested genes in pp2ca-1 mutant plants under optimal
conditions, suggesting that fine-tuning, to a certain extent, is present and initiated by FNP, which stands out in hypersensi-
tive plants. A putative assumption is that FNP, through previously characterized sponge hygroscopic effect, creates a mild
low-magnitude osmotic disturbance, which initiates and prepares the cell to stress. Such mild initial osmotic disturbance
is not significant in provoking shifts in antioxidative and biochemical stress indicators in wild type, while we observed that
in ABA hypersensitive pp2ca-1 mutant in optimal conditions. Thus, it is possible that FNP priming establishes a hormesis
effect and, in drought conditions, causes shifting in signaling cascades by regulating TFs and stress-related genes, which
is indirectly linked also to its antioxidant effect. It is still directly unconfirmed whether additional interlocked water depots
are steadily formed in the plant cell environment in FNP presence and whether they further contribute to drought acclima-
tion. Based on these single gene expressions, we cannot clearly define a time course of the initial and most efficient FNP
effect in response to water scarcity; thus, further studies are required to evaluate these events and expand our knowledge
of the action mechanisms. Even though the results of this study are elucidated on Arabidopsis thaliana, which served as
an effective model for elucidating the physiological and molecular mechanisms of nanoparticle action, further studies are
needed to validate these findings in crop species under agronomically relevant conditions. Such translational research is
essential for determining the practical applicability of nanoparticle-based stress mitigation strategies. Although the ben-
eficial effects of ZnO nanoparticles, fullerenol, and their combination have been demonstrated under controlled condi-
tions, scaling these approaches to field-level agriculture requires addressing challenges such as application methods,
formulation stability, cost-effectiveness, environmental persistence, and potential trophic transfer risks. Additionally, future
research should assess long-term ecological impacts and consider regulatory frameworks to ensure their safe and sus-
tainable use in commercial crop production. Moreover, considering the current limitation in understanding how nanopar-
ticles trigger both ABA-dependent and ABA-independent stress signaling pathways, additional mechanistic studies are
necessary to clarify these processes and evaluate the role of nanoparticles in other hormonal pathways.

Conclusions

This study demonstrates for the first time that foliar application of low-dose ZnO nanoparticles (10mg/L), alone or in com-
bination with fullerenol nanoparticles (FNP), enhances drought tolerance in Arabidopsis thaliana. The observed improve-
ments in redox balance, photosynthetic performance, and stomatal regulation point to multiple physiological pathways

to support drought acclimation. At the molecular level, distinct gene expression patterns suggest involvement of both
ABA-dependent and independent pathways. Notably, the synergistic effect of the combined application underscores the
potential of nanoparticle-based biostimulants in plant stress management. These findings offer a promising direction for
future research in nanotechnology-driven strategies for sustainable agriculture under climate stress.

Supporting information

S1 File. Supplemental Information. Analyzed drought related genes and their sequences, Supplemental Figures (S2-
S3). Supplemental Tables S2-S6. Mixed-model ANOVA outputs for different analyzed datasets.
(ZIP)

PLOS One | https://doi.org/10.137 1/journal.pone.0330022  August 19, 2025 20/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330022.s001

PLO\Sﬁ\\.- One

Author contributions

Conceptualization: Milan BoriSev, Aleksandar Djordjevic.

Data curation: Ana Joksimovi¢, Danijela Arsenov, Milan BoriSev, Milan Zupunski, lvana Borisev.

Formal analysis: Ana Joksimovi¢, Milan Zupunski.

Investigation: Ana Joksimovi¢, Danijela Arsenov, Milan BoriSev, Milan Zupunski, lvana Borisev.
Methodology: Ana Joksimovi¢, Danijela Arsenov, Milan BoriSev, Milan Zupunski, Ivana Borisev.
Resources: Aleksandar Djordjevi¢, Milan Zupunski.

Supervision: Aleksandar Djordjevi¢, lvana Borisev.

Validation: Aleksandar Djordjevi¢, Milan Zupunski, lvana Borisev.

Visualization: Milan Zupunski.

Writing — original draft: Ana Joksimovi¢, Danijela Arsenov, Milan BoriSev, Milan Zupunski, Ivana Borisev.
Writing — review & editing: Danijela Arsenov, Milan BoriSev, Aleksandar Djordjevi¢, Milan Zupunski, lvana Borisev.

References

1. Khan SU, Khan MS, Wang H, Qian M, Javed T, Fahad S, et al. Harnessing nanobiotechnology for drought stress: transforming agriculture’s future;
what, why and how?. Environ Sci: Nano. 2024;11(7):2861-84. https://doi.org/10.1039/d4en00112e

2. LvM, LiuY, GengJ, Kou X, Xin Z, Yang D. Engineering nanomaterials-based biosensors for food safety detection. Biosens Bioelectron.
2018;106:122-8. https://doi.org/10.1016/j.bios.2018.01.049 PMID: 29414078

3. Zhang H-Y, Su W-H. Classification, uptake, translocation, and detection methods of nanoparticles in crop plants: a review. Environ Sci: Nano.
2024;11(5):1847-70. https://doi.org/10.1039/d4en00059

4. Fatima F, Hashim A, Anees S. Efficacy of nanoparticles as nanofertilizer production: a review. Environ Sci Pollut Res Int. 2021;28(2):1292-303.
https://doi.org/10.1007/s11356-020-11218-9 PMID: 33070292

5. Sigala-Aguilar NA, Lépez MG, Fernandez-Luquefio F. Carbon-based nanomaterials as inducers of biocompounds in plants: Potential risks and
perspectives. Plant Physiol Biochem. 2024;212:108753. https://doi.org/10.1016/j.plaphy.2024.108753 PMID: 38781637

6. Djordjevic A, Srdjenovic B, Seke M, Petrovic D, Injac R, Mrdjanovic J. Review of synthesis and antioxidant potential of fullerene nanoparticles. J
Nanomater. 2015;16(2).

7. Sharoyko VV, lamalova NR, Ageev SV, Meshcheriakov AA, lurev GO, Petrov AV, et al. In Vitro and In Silico Investigation of Water-Soluble
Fullerenol C60(OH)24: Bioactivity and Biocompatibility. J Phys Chem B. 2021;125(32):9197—-212. https://doi.org/10.1021/acs.jpcb.1c03332 PMID:
34375109

8. Mirkov SM, Djordjevic AN, Andric NL, Andric SA, Kostic TS, Bogdanovic GM, et al. Nitric oxide-scavenging activity of polyhydroxylated fullerenol,
C60(0OH)24. Nitric Oxide. 2004;11(2):201-7. https://doi.org/10.1016/j.niox.2004.08.003 PMID: 15491853

9. Gao J, Wang Y, Folta KM, Krishna V, Bai W, Indeglia P, et al. Polyhydroxy fullerenes (fullerols or fullerenols): beneficial effects on growth and lifes-
pan in diverse biological models. PLoS One. 2011;6(5):e19976. https://doi.org/10.1371/journal.pone.0019976 PMID: 21637768

10. Panova GG, Ktitorova IN, Skobeleva OV, Sinjavina NG, Charykov NA, Semenov KN. Impact of polyhydroxy fullerene (fullerol or fullerenol) on
growth and biophysical characteristics of barley seedlings in favourable and stressful conditions. Plant Growth Regul. 2016;79(3):309-17. https://
doi.org/10.1007/s10725-015-0135-x

11. Wang C, Zhang H, Ruan L, Chen L, Li H, Chang X-L, et al. Bioaccumulation of 13C-fullerenol nanomaterials in wheat. Environ Sci: Nano.
2016;3(4):799-805. https://doi.org/10.1039/c5en00276a

12. Kole C, Kole P, Randunu KM, Choudhary P, Podila R, Ke PC, et al. Nanobiotechnology can boost crop production and quality: first evidence from
increased plant biomass, fruit yield and phytomedicine content in bitter melon (Momordica charantia). BMC Biotechnol. 2013;13:37. https://doi.
org/10.1186/1472-6750-13-37 PMID: 23622112

13. Shafiq F, Igbal M, Ali M, Ashraf MA. Fullerenol regulates oxidative stress and tissue ionic homeostasis in spring wheat to improve net-primary pro-
ductivity under salt-stress. Ecotoxicol Environ Saf. 2021;211:111901. https://doi.org/10.1016/j.ecoenv.2021.111901 PMID: 33453640

14. Bityutskii NP, Yakkonen KL, Napolskikh YM, Pampur D, Yuriev GO, Semenov KN, et al. Protective role of fullerenol and arginine C60 fullerene
against copper toxicity in cucumber. Plant Physiol Biochem. 2023;204:108095. https://doi.org/10.1016/j.plaphy.2023.108095 PMID: 37866064

15. Xiong J-L, Li J, Wang H-C, Zhang C-L, Naeem MS. Fullerol improves seed germination, biomass accumulation, photosynthesis and antioxidant
system in Brassica napus L. under water stress. Plant Physiol Biochem. 2018;129:130—40. https://doi.org/10.1016/j.plaphy.2018.05.026 PMID:
29870864

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 21/25



https://doi.org/10.1039/d4en00112e
https://doi.org/10.1016/j.bios.2018.01.049
http://www.ncbi.nlm.nih.gov/pubmed/29414078
https://doi.org/10.1039/d4en00059e
https://doi.org/10.1007/s11356-020-11218-9
http://www.ncbi.nlm.nih.gov/pubmed/33070292
https://doi.org/10.1016/j.plaphy.2024.108753
http://www.ncbi.nlm.nih.gov/pubmed/38781637
https://doi.org/10.1021/acs.jpcb.1c03332
http://www.ncbi.nlm.nih.gov/pubmed/34375109
https://doi.org/10.1016/j.niox.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/15491853
https://doi.org/10.1371/journal.pone.0019976
http://www.ncbi.nlm.nih.gov/pubmed/21637768
https://doi.org/10.1007/s10725-015-0135-x
https://doi.org/10.1007/s10725-015-0135-x
https://doi.org/10.1039/c5en00276a
https://doi.org/10.1186/1472-6750-13-37
https://doi.org/10.1186/1472-6750-13-37
http://www.ncbi.nlm.nih.gov/pubmed/23622112
https://doi.org/10.1016/j.ecoenv.2021.111901
http://www.ncbi.nlm.nih.gov/pubmed/33453640
https://doi.org/10.1016/j.plaphy.2023.108095
http://www.ncbi.nlm.nih.gov/pubmed/37866064
https://doi.org/10.1016/j.plaphy.2018.05.026
http://www.ncbi.nlm.nih.gov/pubmed/29870864

PLO\Sﬁ\\.- One

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Borigev M, Borisev |, Zupunski M, Arsenov D, Pajevi¢ S, Cur¢i¢ Z, et al. Drought Impact Is Alleviated in Sugar Beets (Beta vulgaris L.) by Foliar
Application of Fullerenol Nanoparticles. PLoS One. 2016;11(11):e0166248. https://doi.org/10.1371/journal.pone.0166248 PMID: 27832171

Ozfidan-Konakeci C, Alp FN, Arikan B, Elbasan F, Cavusoglu H, Yildiztugay E. The biphasic responses of nanomaterial fullerene on stomatal move-
ment, water status, chlorophyll a fluorescence transient, radical scavenging system and aquaporin-related gene expression in Zea mays under
cobalt stress. Sci Total Environ. 2022;826:154213. https://doi.org/10.1016/j.scitotenv.2022.154213 PMID: 35240187

Suboti¢ A, Jevremovi¢ S, MiloSevi¢ S, Trifunovi¢-Momcilov M, Buri¢ M, Koruga B. Physiological Response, Oxidative Stress Assessment and Aqua-
porin Genes Expression of Cherry Tomato (Solanum lycopersicum L.) Exposed to Hyper-Harmonized Fullerene Water Complex. Plants (Basel).
2022;11(21):2810. https://doi.org/10.3390/plants 11212810 PMID: 36365262

Xiong J-L, Ma N. Transcriptomic and Metabolomic Analyses Reveal That Fullerol Improves Drought Tolerance in Brassica napus L. Int J Mol Sci.
2022;23(23):15304. https://doi.org/10.3390/ijms232315304 PMID: 36499633

Hamzah Saleem M, Usman K, Rizwan M, Al Jabri H, Alsafran M. Functions and strategies for enhancing zinc availability in plants for sustainable
agriculture. Front Plant Sci. 2022;13:1033092. https://doi.org/10.3389/fpls.2022.1033092 PMID: 36275511

Reddy Pullagurala VL, Adisa 10, Rawat S, Kalagara S, Hernandez-Viezcas JA, Peralta-Videa JR, et al. ZnO nanoparticles increase photosyn-
thetic pigments and decrease lipid peroxidation in soil grown cilantro (Coriandrum sativum). Plant Physiol Biochem. 2018;132:120-7. https://doi.
org/10.1016/j.plaphy.2018.08.037 PMID: 30189415

Ahmed R, Uddin MK, Quddus MA, Samad MYA, Hossain MAM, Haque ANA. Impact of foliar application of zinc and zinc oxide nanoparticles on
growth, yield, nutrient uptake and quality of tomato. Horticulturae. 2023;9:162.

Lv W, Geng H, Zhou B, Chen H, Yuan R, Ma C, et al. The behavior, transport, and positive regulation mechanism of ZnO nanoparticles in a plant-
soil-microbe environment. Environ Pollut. 2022;315:120368. https://doi.org/10.1016/j.envpol.2022.120368 PMID: 36216179

Kovel ES, Kicheeva AG, Vnukova NG, Churilov GN, Stepin EA, Kudryasheva NS. Toxicity and Antioxidant Activity of Fullerenol C60,70 with Low
Number of Oxygen Substituents. Int J Mol Sci. 2021;22(12):6382. https://doi.org/10.3390/ijms22126382 PMID: 34203700

Hou J, Wu Y, Li X, Wei B, Li S, Wang X. Toxic effects of different types of zinc oxide nanoparticles on algae, plants, invertebrates, vertebrates and
microorganisms. Chemosphere. 2018;193:852—60. https://doi.org/10.1016/j.chemosphere.2017.11.077 PMID: 29874759

Zhang R, Zhang H, Tu C, Hu X, Li L, LuoYY, et al. Phytotoxicity of ZnO nanoparticles and the released Zn(ll) ion to corn (Zea mays L.) and cucum-
ber (Cucumis sativus L.) during germination. Environ Sci Pollut Res Int. 2015;22(14):11109-17. https://doi.org/10.1007/s11356-015-4325-x PMID:
25794580

Garcia-Gémez C, Obrador A, Gonzalez D, Babin M, Fernandez MD. Comparative effect of ZnO NPs, ZnO bulk and ZnSO4 in the antioxidant
defences of two plant species growing in two agricultural soils under greenhouse conditions. Sci Total Environ. 2017;589:11-24. https://doi.
org/10.1016/j.scitotenv.2017.02.153 PMID: 28264770

Molnar A, Rénavari A, Bélteky P, Széliési R, Valyon E, Olah D, et al. ZnO nanoparticles induce cell wall remodeling and modify ROS/ RNS signal-
ling in roots of Brassica seedlings. Ecotoxicol Environ Saf. 2020;206:111158. https://doi.org/10.1016/j.ecoenv.2020.111158 PMID: 32866892

Montes A, Bisson JA, Gardella JA, Aga DS. Uptake and transformations of engineered nanomaterials: critical responses observed in terrestrial
plants and the model plant Arabidopsis thaliana. Sci Total Environ. 2017;607—608:1497-516.

Wang Y, Fang Z, Yang L, Chan Z. Transcriptional variation analysis of Arabidopsis ecotypes in response to drought and salt stresses dissects
commonly regulated networks. Physiol Plant. 2021;172(1):77-90. https://doi.org/10.1111/ppl. 13295 PMID: 33280127

Djordjevic¢ A, Vojinovi¢-Miloradov M, Petranovi¢ N, Devecerski A, Lazar D, Ribar B. Catalytic Preparation and Characterization of C,Br,,. Fullerene
Science and Technology. 1998;6(4):689-94. https://doi.org/10.1080/10641229809350229

Kuhn JM, Boisson-Dernier A, Dizon MB, Maktabi MH, Schroeder JI. The protein phosphatase AtPP2CA negatively regulates abscisic acid signal
transduction in Arabidopsis, and effects of abh1 on AtPP2CA mRNA. Plant Physiol. 2006;140(1):127-39. https://doi.org/10.1104/pp.105.070318
PMID: 16361522

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem. 1976;72:248-54. https://doi.org/10.1016/0003-2697(76)90527-3 PMID: 942051

Kapetanovi¢ IM, Mieyal JJ. Inhibition of acetaminophen-induced hepatotoxicity by phenacetin and its alkoxy analogs. J Pharmacol Exp Ther.
1979;209(1):25-30. https://doi.org/10.1016/s0022-3565(25)31613-7 PMID: 430376

Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for water-stress studies. Plant Soil. 1973;39(1):205-7. https://doi.org/10.1007/
bf00018060

Lee MR, Kim CS, Park T, Choi YS, Lee KH. Optimization of the ninhydrin reaction and development of a multiwell plate-based high-throughput
proline detection assay. Anal Biochem. 2018;556:57—62.

Devasagayam TPA, Boloor KK, Ramasarma T. Methods for estimating lipid peroxidation: an analysis of merits and demerits. Indian J Biochem
Biophys. 2003;40(5):300-8. PMID: 22900323

Nakano Y, Asada K. Hydrogen Peroxide is Scavenged by Ascorbate-specific Peroxidase in Spinach Chloroplasts. Plant and Cell Physiology.
1981;22(5):867-80. https://doi.org/10.1093/oxfordjournals.pcp.a076232

Amako K, Chen GX, Asada K. Separate assays specific for ascorbate peroxidase and guaiacol peroxidase and for the chloroplastic and cytosolic
isozymes of ascorbate peroxidase in plants. Plant Cell Physiol. 1994;35:497-504.

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 22/25



https://doi.org/10.1371/journal.pone.0166248
http://www.ncbi.nlm.nih.gov/pubmed/27832171
https://doi.org/10.1016/j.scitotenv.2022.154213
http://www.ncbi.nlm.nih.gov/pubmed/35240187
https://doi.org/10.3390/plants11212810
http://www.ncbi.nlm.nih.gov/pubmed/36365262
https://doi.org/10.3390/ijms232315304
http://www.ncbi.nlm.nih.gov/pubmed/36499633
https://doi.org/10.3389/fpls.2022.1033092
http://www.ncbi.nlm.nih.gov/pubmed/36275511
https://doi.org/10.1016/j.plaphy.2018.08.037
https://doi.org/10.1016/j.plaphy.2018.08.037
http://www.ncbi.nlm.nih.gov/pubmed/30189415
https://doi.org/10.1016/j.envpol.2022.120368
http://www.ncbi.nlm.nih.gov/pubmed/36216179
https://doi.org/10.3390/ijms22126382
http://www.ncbi.nlm.nih.gov/pubmed/34203700
https://doi.org/10.1016/j.chemosphere.2017.11.077
http://www.ncbi.nlm.nih.gov/pubmed/29874759
https://doi.org/10.1007/s11356-015-4325-x
http://www.ncbi.nlm.nih.gov/pubmed/25794580
https://doi.org/10.1016/j.scitotenv.2017.02.153
https://doi.org/10.1016/j.scitotenv.2017.02.153
http://www.ncbi.nlm.nih.gov/pubmed/28264770
https://doi.org/10.1016/j.ecoenv.2020.111158
http://www.ncbi.nlm.nih.gov/pubmed/32866892
https://doi.org/10.1111/ppl.13295
http://www.ncbi.nlm.nih.gov/pubmed/33280127
https://doi.org/10.1080/10641229809350229
https://doi.org/10.1104/pp.105.070318
http://www.ncbi.nlm.nih.gov/pubmed/16361522
https://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
https://doi.org/10.1016/s0022-3565(25)31613-7
http://www.ncbi.nlm.nih.gov/pubmed/430376
https://doi.org/10.1007/bf00018060
https://doi.org/10.1007/bf00018060
http://www.ncbi.nlm.nih.gov/pubmed/22900323
https://doi.org/10.1093/oxfordjournals.pcp.a076232

PLO\Sﬁ\\.- One

40.

41.
42.
43.
44.
45.
46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

Beaumont F, Jouvec H-M, Gagnon J, Gaillard J, Pelmont J. Purification and properties of a catalase from potato tubers (Solanum tuberosum).
Plant Science. 1990;72(1):19-26. https://doi.org/10.1016/0168-9452(90)90182-n

R Core Team. ImerTest: Tests in Linear Mixed Effects Models. CRAN. 2024. https://cran.r-project.org/web/packages/ImerTest/index.html

Fox J, Weisberg S. Car: Companion to Applied Regression. 2024. https://cran.r-project.org/package=car

Lenth R. Emmeans: Estimated Marginal Means, aka Least-Squares Means. 2024. https://cran.r-project.org/web/packages/emmeans/index.html

Wickham H. ggplot2: Create elegant data visualisations using the grammar of graphics. 2024. http://ggplot2.tidyverse.org/

Dray S, Dufour A. The ade4 package: implementing the duality diagram for ecologists. J Stat Softw. 2007;22:1-20.
Dinno A. Horn'’s test of principal components/factors. 2024.

Horn JL. A rationale and test for the number of factors in factor analysis. Psychometrika. 1965;30:179-85. https://doi.org/10.1007/BF02289447
PMID: 14306381

Kassambara A, Mundt F. Factoextra: Extract and visualize the results of multivariate data analyses. 2020.

Injac R, Perse M, Cerne M, Potocnik N, Radic N, Govedarica B, et al. Protective effects of fullerenol C60(OH)24 against doxorubicin-induced car-
diotoxicity and hepatotoxicity in rats with colorectal cancer. Biomaterials. 2009;30(6):1184—96. https://doi.org/10.1016/j.biomaterials.2008.10.060
PMID: 19046599

Jayarambabu N, Kumari BS, Rao KV, Prabhu YT. Germination and growth characteristics of mungbean seeds (Vigna radiata L.) affected by syn-
thesized zinc oxide nanoparticles. Int J Curr Eng Technol. 2014;4:2347-5161.

Nagaraju G, Prashanth SA, Shastri M, Yathish KV, Anupama C, Rangappa DJMRB. Electrochemical heavy metal detection, photocatalytic, photo-
luminescence, biodiesel production and antibacterial activities of Ag-ZnO nanomaterial. Mater Res Bull. 2017;94:54—63.

Sarkhosh S, Kahrizi D, Darvishi E, Tourang M, Haghighi-Mood S, Vahedi P. Effect of zinc oxide nanoparticles (ZnO-NPs) on seed germination char-
acteristics in two Brassicaceae family species: Camelina sativa and Brassica napus L. J Nanomat. 2022;2022:1892759.

Wahab R, Ansari SG, Kim YS, Seo HK, Kim GS, Khang G. Low temperature solution synthesis and characterization of ZnO nano-flowers. Mater
Res Bull. 2007;42:1640-8.

Chiang LY, Bhonsle JB, Wang L, Shu SF, Chang TM, Hwu JR. Efficient one-flask synthesis of water-soluble [60]fullerenols. Tetrahedron.
1996;52(14):4963-72. https://doi.org/10.1016/0040-4020(96)00104-4

Schneider NS, Darwish AD, Kroto HW, Taylor R, Walton DRM. Formation of fullerols via hydroboration of fullerene—C60. J Chem Soc Chem Com-
mun. 1994;(4):463—4.

Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and signal transduction. Annu Rev Plant Biol. 2004;55:373-99. https://doi.
org/10.1146/annurev.arplant.55.031903.141701 PMID: 15377225

Noctor G, Reichhel JP, Foyer CH. ROS-related redox regulation and signaling in plants. Semin Cell Dev Biol. 2018;80:3-12.

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, et al. ROS signaling: the new wave?. Trends Plant Sci. 2011;16(6):300—
9. https://doi.org/10.1016/j.tplants.2011.03.007 PMID: 21482172

Kato S, Aoshima H, Saitoh Y, Miwa N. Highly hydroxylated or gamma-cyclodextrin-bicapped water-soluble derivative of fullerene: the antioxidant
ability assessed by electron spin resonance method and beta-carotene bleaching assay. Bioorg Med Chem Lett. 2009;19(18):5293—6. https://doi.
org/10.1016/j.bmcl.2009.07.149 PMID: 19683919

Grebowski J, Krokosz A, Konarska A, Wolszczak M, Puchala M. Rate constants of highly hydroxylated fullerene C60 interacting with hydroxyl
radicals and hydrated electrons. Pulse radiolysis study. Radiat Phys Chem. 2014;103:146-52.

Djordjevic A, Canadanovic-Brunet J, Vojinovic-Miloradov M, Bogdanovic G. Properties and hypothetical radical mechanism of fullerol C60(OH)24.
Oxid Commun. 2005;27:549-54.

Chiang LY, Lu FJ, Lin JT. Free radical scavenging activity of water-soluble fullerenols. J Chem Soc Chem Commun. 1995;(12):1283—4.

Yin J-J, Lao F, Fu PP, Wamer WG, Zhao Y, Wang PC, et al. The scavenging of reactive oxygen species and the potential for cell protection by
functionalized fullerene materials. Biomaterials. 2009;30(4):611-21. https://doi.org/10.1016/j.biomaterials.2008.09.061 PMID: 18986699

LaoF, LiW, Han D, QuY, Liu Y, Zhao Y, et al. Fullerene derivatives protect endothelial cells against NO-induced damage. Nanotechnology.
2009;20(22):225103. https://doi.org/10.1088/0957-4484/20/22/225103 PMID: 19433873

Sachkova AS, Kovel ES, Churilov GN, Guseynov OA, Bondar AA, Dubinina IA, et al. On mechanism of antioxidant effect of fullerenols. Biochem
Biophys Rep. 2017;9:1-8. https://doi.org/10.1016/j.bbrep.2016.10.011 PMID: 28955983

Vrane$ M, BoriSev |, Tot A, Armakovi¢ S, Armakovi¢ S, Jovi¢ D, et al. Self-assembling, reactivity and molecular dynamics of fullerenol nanoparticles.
Phys Chem Chem Phys. 2017;19(1):135—44. https://doi.org/10.1039/c6cp06847b PMID: 27905595

Adrees M, Khan ZS, Hafeez M, Rizwan M, Hussain K, Asrar M, et al. Foliar exposure of zinc oxide nanoparticles improved the growth of wheat
(Triticum aestivum L.) and decreased cadmium concentration in grains under simultaneous Cd and water deficient stress. Ecotoxicol Environ Saf.
2021;208:111627. https://doi.org/10.1016/j.ecoenv.2020.111627 PMID: 33396147

Rukhsar-Ul-Haq, Kausar A, Hussain S, Javed T, Zafar S, Anwar S, et al. Zinc oxide nanoparticles as potential hallmarks for enhancing drought
stress tolerance in wheat seedlings. Plant Physiol Biochem. 2023;195:341-50. https://doi.org/10.1016/j.plaphy.2023.01.014 PMID: 36681064

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 23/25



https://doi.org/10.1016/0168-9452(90)90182-n
https://cran.r-project.org/web/packages/lmerTest/index.html
https://cran.r-project.org/package=car
https://cran.r-project.org/web/packages/emmeans/index.html
http://ggplot2.tidyverse.org/
https://doi.org/10.1007/BF02289447
http://www.ncbi.nlm.nih.gov/pubmed/14306381
https://doi.org/10.1016/j.biomaterials.2008.10.060
http://www.ncbi.nlm.nih.gov/pubmed/19046599
https://doi.org/10.1016/0040-4020(96)00104-4
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
http://www.ncbi.nlm.nih.gov/pubmed/15377225
https://doi.org/10.1016/j.tplants.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21482172
https://doi.org/10.1016/j.bmcl.2009.07.149
https://doi.org/10.1016/j.bmcl.2009.07.149
http://www.ncbi.nlm.nih.gov/pubmed/19683919
https://doi.org/10.1016/j.biomaterials.2008.09.061
http://www.ncbi.nlm.nih.gov/pubmed/18986699
https://doi.org/10.1088/0957-4484/20/22/225103
http://www.ncbi.nlm.nih.gov/pubmed/19433873
https://doi.org/10.1016/j.bbrep.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/28955983
https://doi.org/10.1039/c6cp06847b
http://www.ncbi.nlm.nih.gov/pubmed/27905595
https://doi.org/10.1016/j.ecoenv.2020.111627
http://www.ncbi.nlm.nih.gov/pubmed/33396147
https://doi.org/10.1016/j.plaphy.2023.01.014
http://www.ncbi.nlm.nih.gov/pubmed/36681064

PLO\Sﬁ\\.- One

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Nazir MA, Hasan M, Mustafa G, Tariq T, Ahmed MM, Golzari Dehno R, et al. Zinc oxide nano-fertilizer differentially effect on morphological
and physiological identity of redox-enzymes and biochemical attributes in wheat (Triticum aestivum L.). Sci Rep. 2024;14(1):13091. https://doi.
org/10.1038/s41598-024-63987-9 PMID: 38849601

Nekoukhou M, Fallah S, Abbasi-Surki A, Pokhrel LR, Rostamnejadi A. Improved efficacy of foliar application of zinc oxide nanoparticles on zinc
biofortification, primary productivity and secondary metabolite production in dragonhead. Journal of Cleaner Production. 2022;379:134803. https://
doi.org/10.1016/j.jclepro.2022.134803

Kolencik M, Ernst D, Komar M, Urik M, Sebesta M, Dobrocka E, et al. Effect of Foliar Spray Application of Zinc Oxide Nanoparticles on Quantita-
tive, Nutritional, and Physiological Parameters of Foxtail Millet (Setaria italica L.) under Field Conditions. Nanomaterials (Basel). 2019;9(11):1559.
https://doi.org/10.3390/nan09111559 PMID: 31684189

El-Zohri M, Al-Wadaani NA, Bafeel SO. Foliar Sprayed Green Zinc Oxide Nanoparticles Mitigate Drought-Induced Oxidative Stress in Tomato.
Plants (Basel). 2021;10(11):2400. https://doi.org/10.3390/plants 10112400 PMID: 34834763

Somaratne S, Weerakoon SR, Karthikeyan N, Munasinghe DSP. The impact of nano-ZnO foliar fertilizer on growth and yield of cultivated rice
(<em>Oryza sativa</em> L.) varieties in Sri Lanka. Ceylon J Sci. 2021;50(2):109. https://doi.org/10.4038/cjs.v50i2.7872

Wang R, Mi K, Yuan X, Chen J, Pu J, Shi X. Zinc oxide nanoparticles foliar application effectively enhanced zinc and aroma content in rice (Oryza
sativa L.) grains. Rice. 2023;16(1):36.

Mogazy AM, Hanafy RS. Foliar Spray of Biosynthesized Zinc Oxide Nanoparticles Alleviate Salinity Stress Effect on Vicia faba Plants. J Soil Sci
Plant Nutr. 2022;22(2):2647-62. https://doi.org/10.1007/s42729-022-00833-9

Sutuliené R, Miliauskiené J, Brazaityté A, Tuckuté S, Urbutis M. Effects of foliar application of zinc oxide nanoparticles in lettuce (Lactuca sativa L.)
plants. Acta Hortic. 2023;1375:387-92.

Semida WM, Abdelkhalik A, Mohamed GF, Abd EI-Mageed TA, Abd EI-Mageed SA, Rady MM, et al. Foliar Application of Zinc Oxide Nanoparticles
Promotes Drought Stress Tolerance in Eggplant (Solanum melongena L.). Plants (Basel). 2021;10(2):421. https://doi.org/10.3390/plants10020421
PMID: 33672429

Geremew A, Carson L, Woldesenbet S, Wang H, Reeves S, Brooks N Jr, et al. Effect of zinc oxide nanoparticles synthesized from Carya illinoin-
ensis leaf extract on growth and antioxidant properties of mustard (Brassica juncea). Front Plant Sci. 2023;14:1108186. https://doi.org/10.3389/
fpls.2023.1108186 PMID: 36755696

Zaeem A, Drouet S, Anjum S, Khurshid R, Younas M, Blondeau JP, et al. Effects of Biogenic Zinc Oxide Nanoparticles on Growth and Oxida-
tive Stress Response in Flax Seedlings vs. In Vitro Cultures: A Comparative Analysis. Biomolecules. 2020;10(6):918. https://doi.org/10.3390/
biom10060918 PMID: 32560534

Emamverdian A, Hasanuzzaman M, Ding Y, Barker J, Mokhberdoran F, Liu G. Zinc Oxide Nanoparticles Improve Pleioblastus pygmaeus Plant
Tolerance to Arsenic and Mercury by Stimulating Antioxidant Defense and Reducing the Metal Accumulation and Translocation. Front Plant Sci.
2022;13:841501. https://doi.org/10.3389/fpls.2022.841501 PMID: 35295636

Wang XP, Li QQ, Pei ZM, Wang SC. Effects of zinc oxide nanoparticles on the growth, photosynthetic traits, and antioxidative enzymes in tomato
plants. Biol Plant. 2018;62:801-8.

Ghosh M, Jana A, Sinha S, Jothiramajayam M, Nag A, Chakraborty A, et al. Effects of ZnO nanoparticles in plants: Cytotoxicity, genotoxicity,
deregulation of antioxidant defenses, and cell-cycle arrest. Mutat Res Genet Toxicol Environ Mutagen. 2016;807:25-32. https://doi.org/10.1016/j.
mrgentox.2016.07.006 PMID: 27542712

Khan AR, Wakeel A, Muhammad N, Liu B, Wu M, Liu Y, et al. Involvement of ethylene signaling in zinc oxide nanoparticle-mediated biochemical
changes inArabidopsis thalianaleaves. Environ Sci: Nano. 2019;6(1):341-55. https://doi.org/10.1039/c8en00971f

Lee CW, Mahendra S, Zodrow K, Li D, Tsai Y-C, Braam J, et al. Developmental phytotoxicity of metal oxide nanoparticles to Arabidopsis thaliana.
Environ Toxicol Chem. 2010;29(3):669—-75. https://doi.org/10.1002/etc.58 PMID: 20821493

Vankova R, Landa P, Podlipna R, Dobrev PI, Prerostova S, Langhansova L. ZnO nanoparticle effects on hormonal pools in Arabidopsis thaliana.
Sci Total Environ. 2017;593-594:535-42.

Landa P, Vankova R, Andrlova J, Hodek J, Marsik P, Storchova H. Nanoparticle-specific changes in Arabidopsis thaliana gene expression after
exposure to ZnO, TiO,, and fullerene soot. J Hazard Mater. 2012;241-242:55-62.

Tripathi D, Singh M, Pandey-Rai S. Crosstalk of nanoparticles and phytohormones regulate plant growth and metabolism under abiotic and biotic
stress. Plant Stress. 2022;6:100107. https://doi.org/10.1016/j.stress.2022.100107

Muhammad Aslam M, Waseem M, Jakada BH, Okal EJ, Lei Z, Saqib HSA, et al. Mechanisms of Abscisic Acid-Mediated Drought Stress
Responses in Plants. Int J Mol Sci. 2022;23(3):1084. https://doi.org/10.3390/ijms23031084 PMID: 35163008

Ning K, Sun T, Wang Z, Li H, Fang P, Cai X, et al. Selective penetration of fullerenol through pea seed coats mitigates osmosis-repressed germina-
tion via chromatin remodeling and transcriptional reprograming. J Sci Food Agric. 2024;104(10):6008—17. https://doi.org/10.1002/jsfa.13429 PMID:
38437455

Pizzio GA, Rodriguez L, Antoni R, Gonzalez-Guzman M, Yunta C, Merilo E, et al. The PYL4 A194T mutant uncovers a key role of PYR1-LIKE4/
PROTEIN PHOSPHATASE 2CA interaction for abscisic acid signaling and plant drought resistance. Plant Physiol. 2013;163(1):441-55. https://doi.
0rg/10.1104/pp.113.224162 PMID: 23864556

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 24125



https://doi.org/10.1038/s41598-024-63987-9
https://doi.org/10.1038/s41598-024-63987-9
http://www.ncbi.nlm.nih.gov/pubmed/38849601
https://doi.org/10.1016/j.jclepro.2022.134803
https://doi.org/10.1016/j.jclepro.2022.134803
https://doi.org/10.3390/nano9111559
http://www.ncbi.nlm.nih.gov/pubmed/31684189
https://doi.org/10.3390/plants10112400
http://www.ncbi.nlm.nih.gov/pubmed/34834763
https://doi.org/10.4038/cjs.v50i2.7872
https://doi.org/10.1007/s42729-022-00833-9
https://doi.org/10.3390/plants10020421
http://www.ncbi.nlm.nih.gov/pubmed/33672429
https://doi.org/10.3389/fpls.2023.1108186
https://doi.org/10.3389/fpls.2023.1108186
http://www.ncbi.nlm.nih.gov/pubmed/36755696
https://doi.org/10.3390/biom10060918
https://doi.org/10.3390/biom10060918
http://www.ncbi.nlm.nih.gov/pubmed/32560534
https://doi.org/10.3389/fpls.2022.841501
http://www.ncbi.nlm.nih.gov/pubmed/35295636
https://doi.org/10.1016/j.mrgentox.2016.07.006
https://doi.org/10.1016/j.mrgentox.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27542712
https://doi.org/10.1039/c8en00971f
https://doi.org/10.1002/etc.58
http://www.ncbi.nlm.nih.gov/pubmed/20821493
https://doi.org/10.1016/j.stress.2022.100107
https://doi.org/10.3390/ijms23031084
http://www.ncbi.nlm.nih.gov/pubmed/35163008
https://doi.org/10.1002/jsfa.13429
http://www.ncbi.nlm.nih.gov/pubmed/38437455
https://doi.org/10.1104/pp.113.224162
https://doi.org/10.1104/pp.113.224162
http://www.ncbi.nlm.nih.gov/pubmed/23864556

PLO\S\%- One

91. ChenY, Feng L, Wei N, Liu Z-H, Hu S, Li X-B. Overexpression of cotton PYL genes in Arabidopsis enhances the transgenic plant tolerance to
drought stress. Plant Physiol Biochem. 2017;115:229-38. https://doi.org/10.1016/j.plaphy.2017.03.023 PMID: 28388505

92. Yoshida T, Mogami J, Yamaguchi-Shinozaki K. ABA-dependent and ABA-independent signaling in response to osmotic stress in plants. Curr Opin
Plant Biol. 2014;21:133-9. https://doi.org/10.1016/j.pbi.2014.07.009 PMID: 25104049

93. Yoshida T, Fujita Y, Maruyama K, Mogami J, Todaka D, Shinozaki K, et al. Four Arabidopsis AREB/ABF transcription factors function predominantly
in gene expression downstream of SnRK2 kinases in abscisic acid signalling in response to osmotic stress. Plant Cell Environ. 2015;38(1):35—49.
https://doi.org/10.1111/pce.12351 PMID: 24738645

PLOS One | https://doi.org/10.1371/journal.pone.0330022 August 19, 2025 25/25



https://doi.org/10.1016/j.plaphy.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28388505
https://doi.org/10.1016/j.pbi.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25104049
https://doi.org/10.1111/pce.12351
http://www.ncbi.nlm.nih.gov/pubmed/24738645
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Titelblatt_Zupunski_final
	Zupunski_Foliar

