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Abstract

The wide application of graphene nanomaterials has led to their release into the environment, raising ecological
risk concerns, especially when co-existing with other pollutants like copper (Cu), one of the most ubiquitous
environmental metals. The impact of co-presence of these nanomaterials and Cu on woody plants remains
unstudied and, in this regard, callus culture represents a reliable tool for toxicological studies. In this work, we
investigated the effects of Cu in combination with two different graphene nanomaterials, graphene oxide (GO)
and graphene nanoplatelets (GNP), on the cell ultrastructure, biochemical responses and nutrient uptake in

callus culture of Populus nigra L., a pioneer tree species in the riparian ecosystem. GO and GNP alone showed an
adverse impact on poplar cells, causing a significant reduction in dry weight and a notable increase in MDA levels,
water and Ca uptake, and protein synthesis. Co-exposure to Cu and either GO or GNP increased dry weight while
decreasing water content, MDA levels, antioxidant enzyme activities, and protein content. Furthermore, GO+ Cu
exposure promoted greater cellular metal uptake than the GNP+ Cu treatment, indicating a greater effectiveness of
GO as a Cu carrier, due to the higher presence of oxygen functional groups on its surface than GNP. Transmission
Electron Microscopy (TEM) observations confirmed the cellular uptake of both GO and GNP, revealing distinct
impacts on cell ultrastructure. These results provide useful information on the interaction between graphene
nanomaterials and Cu for risk assessment and developing sustainable management strategies in agro-forestry.
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Introduction

Due to their unique properties and low production costs,
there is a growing interest in graphene nanomaterials,
leading to their widespread application in industrial and
agricultural sectors. Graphene nanomaterials include
several forms, such as graphene-oxide (GO) and gra-
phene nanoplatelets (GNP), characterized by differences
in their surface chemistry, layer number, lateral size, and
degree of oxidation [1]. GO - the oxidized form of gra-
phene - has garnered widespread application in various
fields, including biomedicine, electronics, packaging,
biosensors, semiconductors, wastewater and drinking
water treatment [2, 3]. GO’s surface is rich in oxygen-
containing functional groups (epoxy, hydroxyl, carboxyl,
and carbonyl), which play a key role in determining its
solubility and molecular adsorption properties [4]. To
date, most research focuses on GO’s high adsorption effi-
ciency for environmental decontamination. For instance,
GO was successfully used for the removal of heavy metal
ions, pharmaceuticals and persistent organic pollutants
from water [5, 6]. In recent years, GO has triggered enor-
mous interest in applications in agro-forestry to boost
plant growth and stress tolerance. Due to the presence of
a large surface area and a high density of surface oxygen
binding sites, GO has been extensively used in efforts to
develop a new generation of slow- or controlled-release
fertilizers [7]. For instance, the efficacy of GO-based car-
riers was demonstrated for the delivery of Zn and Cu
with a promising performance compared to commer-
cial soluble fertilizers [4]. Instead, GNP is widely used
in industrial applications primarily due to its superior
mechanical, thermal, and electrical properties. Recently,
this nanomaterial has gained significant attention for the
development of sustainable graphene-based compos-
ites with high adsorption capacity for water purification
[8-10].

The widespread and excessive application of these
nanomaterials has inevitably led to their release into the
environment at all stages of their lifecycle, raising seri-
ous concerns regarding both ecological safety and poten-
tial human health implications [11]. Overall, the actual
environmental discharge of graphene-related materials
following their end-of-life remains unquantified [12].
Recently, based on predictive models, by 2030 the con-
centrations of graphene nanomaterials will be 1.4 ng/L in
surface water, 16 ng/kg in natural/urban soil, and 20 pg/
kg in sludge-treated soil [13].

To date, most scientific literature has focused on the
impact of GO on plants, reporting conflicting findings,
ranging from stimulation and inhibition to no observ-
able effects on plant growth and development. Such vari-
ability is contingent upon the concentration and timing
of exposure, experimental settings, and the specific plant
species under study [1, 14]. For instance, exposure to low
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concentrations of GO (50 and 100 mg/L) was found to
promote tomato plant growth by stimulating cell division
in the shoot [15]. Similar growth-promoting effects were
observed in Aloe vera L. at 10-100 mg/L due to enhanced
photosynthesis [16] while 20 mg/L of GO increased
the number of adventitious roots in tobacco seedlings
[17]. Conversely, a 15-day treatment with 50 mg/L GO
reduced root length as well as fresh and dry weight in
five different rice species [18]; similarly, the fresh root
weight of Brassica napus L. decreased when exposed to
GO concentrations of 50-100 mg/L [19]. However, stud-
ies on GNP are very limited. For instance, GNP treat-
ment (1000 mg/L) under water deficit stress significantly
improved fruit production and fruit dry weight in bell
pepper plants [20].

Nonetheless, these investigations primarily focus on
the phytotoxic effects of GO and GNP alone, without
accounting for their potential interactions and co-exis-
tence with other substances following environmental
release. In nature, chemical pollutants are typically found
as complex mixtures where they can interact with each
other. The combined impact of these contaminants can
differ from their individual effects, resulting in synergistic
(enhanced) or antagonistic (reduced) interactions [21].
Heavy metals are among the most widespread and well-
known environmental pollutants, with serious implica-
tions for human health. Therefore, the likelihood of GO
and GNP interacting with metal ions in natural ecosys-
tems is a critical factor, as such interactions can alter the
bioavailability and toxicity of both the metals and the
nanomaterials.

Copper (Cu) is an essential micronutrient for proper
plant growth and development, yet it is also one of the
most ubiquitous and environmentally impactful heavy
metals. The extensive application of agrochemicals, like
fertilizers and pesticides, has significantly raised envi-
ronmental Cu levels, thereby compromising long-term
agricultural productivity [22]. This element exhibits a
dual function in plant metabolism, contingent upon its
concentration in tissues. At low levels, Cu is involved in
several physiological and biochemical processes such
as photosynthesis, protein transport, carbohydrate and
cell wall metabolism, and hormone signal transduction.
Acting as a co-factor for a range of oxygen-processing
enzymes, including polyphenol oxidase, Cu/Zn-super-
oxide dismutase, amino oxidase, ascorbate oxidase, and
plastocyanin, Cu significantly contributes to oxidative
stress mitigation, thereby enhancing the plant’s ability
to withstand various abiotic stresses [23]. On the other
hand, high levels of Cu have a detrimental effect, inter-
fering with plant growth and metabolism and altering the
function of proteins, lipids, DNA and RNA [24].

Currently, studies on the effects of GO and GNP on
the biological Cu behaviour in plants are still scarce and
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inconsistent. For example, GO exposure mitigated the
damage caused by Cu stress (5-20 uM) in Lemna minor
[2] whereas, the addition of carboxylate GO-chitosan
spheres reduced Cu bioaccumulation by about 50% in
wheat seedlings grown in soil contaminated with 120
mg/L Cu [25]. Analogously, co-exposure to 1 mg/L Cd
and 10 mg/L GO nanosheets was found to alleviate the
adverse effects of the metal while simultaneously enhanc-
ing Cd accumulation in hydroponically grown rice seed-
lings [26]. Furthermore, the co-exposure of soybean
seedlings to cerium oxide nanoparticles (CeO,NPs) and
Cd led to higher excretion of plant root exudates, which
modified rhizosphere chemistry and promoted CeO,NPs
dissolution, thereby increasing Ce accumulation in the
shoots. Conversely, CeO,NPs provided adsorption sites
for Cd, reducing its uptake into the plants [27].

To date, there is a significant knowledge gap regarding
the interactive effects of co-exposure to Cu and either
GO or GNP on woody plants. In this regard, black poplar
(Populus nigra L.) is considered a model species in abi-
otic stress studies, whose ability to tolerate environmen-
tal pollutants has been previously explored in in vitro
approaches [28, 29]. The use of in vitro assays is a well-
established tool for assessing stress responses in plants,
particularly in woody species exhibiting long reproduc-
tive cycles [30]. Hence, the present study investigated
the effects of Cu in the co-presence of GO or GNP on
P nigra (clone 58-861) callus cultures. Specifically, we
examined poplar cell ultrastructure, antioxidant enzyme
activities, Cu uptake and the underlying mechanisms
of the observed changes. We assumed that when com-
bined, GO + Cu or GNP + Cu would induce a biochemi-
cal response that is significantly different from the effects
observed with the individual application of Cu, GO, or
GNP. The results could provide useful information on the
impact of graphene nanomaterials and Cu for risk assess-
ment and developing sustainable management strategies
in agro-forestry.

Table 1 The XPS atomic composition, the O/C ratio and the
origin of GO and GNP. The bibliographic reference providing the
detailed material characterization is listed for each material

Material Origin XPS atomic o/C Refer-
composition ratio ences
GO LayerOne C70.1%,027.2%,N 039 [8]
0.2%, S 1.0%, Si 0.8%,
Cl0.7%, Mn below
0.1%
GNP Euronova Next- C87%, O 9%, Fe 0.5%, 0.05 [10,
Generation other elements 3.5% 31]
Sustainable

Plastic Materi-
als Company
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Materials and methods

Graphene nanomaterials

GO was purchased from LayerOne, while GNP was
produced from waste tires by the patented technology
(B. Saner Okan, A Sustainable and Scalable Method
For Graphene Production, PCT Application, PCT/
TR2024/050394, 2024) and provided by Euronova Next-
Generation Sustainable Plastic Materials Company (Tiir-
kiye). Both nanomaterials were rinsed with ultrapure
water to remove any potential mobile metal residues. The
adsorption kinetics of Cu on both GO and GNP in Milli-
Q solution are presented in Supplementary Fig. S1.

The XPS atomic composition and the O/C ratio of the
two materials are reported in Table 1. The detailed char-
acterization of their structural and morphological prop-
erties is available in the cited references.

Plant material and experimental setup

Plant material was obtained from the experimental field
at the Regional Research Campus of Rome 1 in Mon-
telibretti (ARRM1) (formerly managed by CNR-IBAF)
and has been maintained by the CNR-IBBA according
to the protocol described in Iori et al. [28]. Poplar calli
were grown in Petri dishes on Murashige and Skoog
(MS) nutrient medium [32] containing sucrose (30 g/L),
kinetin (0.7 mg/L), and 2,4-dichlorophenoxyacetic acid
(2,4-D) (1 mg/L). The medium was solidified with agar
(7 g/L) and adjusted to pH 5.7. For the combined treat-
ments, a concentration of 3.18 mg/L Cu (corresponding
to a sub-lethal EC,, value of 50 pM) was applied based on
preliminary dose-response assays, which established the
Cu tolerance range for clone 58—861. A concentration of
25 mg/L for both GO and GNP was selected based on its
ability to induce mild stress without exceeding the cyto-
toxicity threshold [33]. GO and GNP stock solutions were
sonicated for 2 h and added to the MS medium before
autoclaving, whereas the Cu stock solution was filtered
and supplemented to the growth medium after steriliza-
tion. Experiments were conducted with Cu alone, and in
combination with either GO or GNP. Five Petri dishes,
each containing four calli, were used for every treatment
and the untreated control. Cell cultures were grown at
25 °C in darkness for three weeks. After incubation, calli
were collected to measure their fresh weight (FW) and
total water content. Each callus was rinsed with sterilized
distilled water and dried on filter paper prior to weighing.
Calli were dried in an oven at 60 °C until constant weight
was achieved, yielding the dry weight (DW). Water con-
tent was calculated using the formula: (FW-DW)/EW.
For biochemical analysis, each callus was snap-frozen in
liquid N, and stored at -80 °C.
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Transmission electron microscopy (TEM)

GO and GNP were characterized by TEM placing a drop
of the GO and GNP stock solution (1.5 g/L), diluted 1:2
with Milli-Q water, on grids covered by formvar, allowed
to settle, dried, and observed under a FEI Tecnai TEM at
100 kV.

For TEM observations, at least ten callus fragments
were sampled from three biological replicates per treat-
ment. Samples were fixed in Karnovsky solution, post-
fixed in osmium tetroxide, dehydrated and embedded
in Epon 812-Araldite A/M mixture. Thin sections were
stained with uranyl acetate and lead citrate and observed
under a FEI Tecnai TEM at 100 kV.

Determination of malondialdehyde (MDA) content and
antioxidant enzymatic activities

Lipid peroxidation was quantified by measuring thio-
barbituric acid-reactive substances (TBARS), primar-
ily malondialdehyde (MDA), following the protocol
described by lori et al. [29]. Briefly, frozen calli were
homogenized in 0.1% TCA, and centrifuged for 15 min at
16,000 g. The supernatant was incubated with 0.5% TBA
in 20% TCA and 1 mM EDTA at 95 °C for 30 min. Fol-
lowing centrifugation (16,000 g, 10 min), the supernatant
absorbance was measured at 532 and 600 nm. MDA lev-
els were calculated using & = 155 mM cm ™.

Extraction and activity assays for ascorbate peroxidase
(APX, EC 1.11.1.11) and catalase (CAT, EC 1.11.1.6) were
performed as reported by lori et al. [29]. Frozen calli were
homogenized with ice-cold 50 mM potassium phosphate
buffer (pH 7.0) containing 0.1% (w/v) ascorbic acid, 1%
(w/v) polyvinylpolypyrrolidone (PVPP), 1 mM Na,-
EDTA and 0.1% (v/v) Triton X-100. The homogenate was
centrifuged at 4 °C for 30 min at 15,000 g and the super-
natant fraction was set aside for activity assay. APX and
CAT activities were determined spectrophotometrically
in 1 mL reaction mixtures (50 mM potassium phosphate
buffer, pH 7.0) containing enzyme extract. APX activity
was measured by monitoring ascorbate oxidation at 290
nm (¢ = 28 mM™! cm™) for 1 min in the presence of 0.5
mM ascorbic acid and 10 mM H,0,. APX activity was
expressed as umol of ascorbate oxidized per mg~! protein
min~!. CAT activity was determined by following H,O,
consumption at 240 nm (e = 36 mM ™~ cm™?) for 40 s with
125 mM H,0,. CAT activity was expressed as pumol of
H,0, per mg™! protein min™".

All procedures followed glutathione S-transferase
(GST, EC 2.5.1.18) activity was determined according to
Habig and Jakoby [34], using a reaction buffer containing
0.1 M phosphate buffer (pH 6.5), 1 mM reduced glutathi-
one (GSH), 1 mM 1-chloro-2,4-dinitrobenzene (CDNB),
and the enzyme extract. The conjugation of CDNB with
GSH was monitored at 340 nm (e = 0.0096 uM~! cm™!) at
25 °C. GST activity was expressed as mM CDNB per mg
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protein™t min!. All spectrophotometric measurements
were carried out using a Thermo Multiskan FC Micro-
plate Photometer (Thermo Fisher Scientific, Waltham,
MA, USA).

Total soluble protein content was determined accord-
ing to Ernst and Zor [35], using bovine serum albumin
(BSA) as a standard.

Purification of plasma membranes

Plasma membranes (PM) were purified by two-phase
partitioning, as described by Fiorillo et al. [36]. Briefly,
each single cultured poplar callus was weighed and
homogenized with an adequate amount of a buffer
(weight/volume ratio 1:1) containing 25 mM MOPS-BTP,
250 mM sucrose, 2 mM DTT, 5 mM EDTA, 1 mM PMSE,
0.2% BSA, pH 7.8, filtered with a fine weave gauze and
centrifuged for 20 min at 8,000 g at 4 °C. The superna-
tant was ultracentrifuged at 70,000 g for 30 min, and the
pelleted microsomal fraction was resuspended in 0.2 mL
of 5 mM potassium phosphate buffer containing 0.2 mM
PMSE, pH 7.8, and added to 1.4 mL of 5 mM potassium
phosphate buffer containing 7.2% Dextran T-500, 7.2%
PEG-3350, 286 mM sucrose, 5.7 mM KCI, pH 7.8. The
samples were then gently mixed through repeated inver-
sions and centrifuged at 2,000 g for 15 min at 4 °C. The
plasma membranes were recovered by diluting twofold
the upper phase in 10 mM MOPS-BTP, 250 mM sucrose,
2 mM EDTA, 1 mM DTT, 1 mM PMSE, pH 7.0, and cen-
trifuging for 45 min at 125,000 g at 4 °C. Finally, the pellet
was resuspended in 0.2 mL of 10 mM Tris-HCI, 1 mM
EDTA, 1 mM DTT, 20% glycerol, pH 7.6.

H*-ATPase activity

The phosphohydrolytic activity of plasma membrane
samples from cultured poplar calli was assayed accord-
ing to Visconti et al. [37], with minor modifications. After
incubating 30 pg of two-phase partitioned PM vesicles
for 30 min in 500 pL of reaction buffer (50 mM Tris-MES,
5 mM KNO;, 5 mM MgSO,, 0.2 mM (NH,)6Mo,0,,, 2
mM ATP, pH 6.5), the reaction was stopped with 1 mL
of phosphate reagent (0.5% SDS, 0.5% (NH,;)6Mo,0,,,
2% (v/v) H,SO,, 0.01% ascorbate). The phosphomo-
lybdic acid produced was calculated by measuring the
absorbance at 740 nm. The phosphate concentration was
then calculated by interpolating with a calibration curve
obtained with various concentrations of KH,PO,. For
each sample, the residual activity in the presence of 0.2
mM of the H"-ATPase inhibitor Na;VO, was subtracted
from the obtained values to calculate the H'-ATPase-
specific activity.

Western blot
Immunoblotting analysis was performed according to
Fiorillo et al. [38], using polyclonal anti-H*-ATPase
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antibodies [39], directed against a conserved region in
the C-terminal domain at 1:1000 dilution. Protein detec-
tions were performed by incubating the membrane with
horseradish peroxidase-conjugated anti-rabbit secondary
antibody (1:5000) from Bio-Rad.

Analysis of Cu and nutrient contents

The oven-dried calli were mineralised according to the
method described by Iori et al. [29]. The concentrations
of Cu and nutrients were measured by Inductively Cou-
pled Plasma Optical Emission Spectrometry (ICP-OES,
5800 Agilent Technologies, USA-LOD = 0.02 mg/L).

Statistical analysis

The obtained data were described as the mean of three
biological replicates + standard deviations (SD). All
results were checked for normality before analyses
of variance by Shapiro-Wilk’s test. Statistical signifi-
cance was assessed using one-way analysis of variance
(ANOVA) and Tukey’s post hoc test, performed within
the R software environment. All statistical tests were
considered significant at p < 0.05.

Principal Component Analysis (PCA) was performed
in R (version 4.5.1) to explore patterns and relationships
within the multivariate dataset of biological responses to
various treatments. The dataset comprised quantitative
measurements of physiological (FW, DW, Water content,
Protein content) and biochemical parameters (Cu con-
tent, Ca, APX, CAT, MDA, GST, ATPase activity) across
six treatment groups (Control, Cu, GNP, GNP + Cu, GO,
GO +Cu).

PCA was then executed using the PCA() function from
the “FactoMineR” package. The data was automatically
scaled to unit variance (default scale.unit = TRUE) to
prevent variables with larger magnitudes from dispropor-
tionately influencing the results. Visualization of the PCA
outputs was performed using the “factoextra” package.
Individual plots (fviz_pca_ind) displayed samples colored
by treatment group, with 95% confidence ellipses. Vari-
able plots (fviz_pca_var) showed the contribution of each
parameter to the principal components.

Table 2 Effects of GO, GNP and Cu, either alone or in
combination, on Fresh weight, Dry weight and Water content in
clone 58-861 (+SD, n=20)
Treatments Fresh weight (g)

Dry weight (g) Water content (%)

Control 0.331+0.057% 0.0241+0.0042° 92.79°
GNP 0403+0.087° 0.0155+0.0033°  96.12%
GNP+Cu  0.293+0.092< 0.0405+0.0128° 86.19¢
GO 0.272+0.025% 0.0051+0.0006% 98.01°
GO+Cu 0.685+0.129% 0.0413+0.0077%  90.61°
Cu 0.246+0.046¢ 0.0230+0.0043° 94014

Different letters indicate significant differences (p <0.05, Tukey’s test)
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Results
Biomass production
As reported in Table 2, poplar cells exposed to GNP
alone showed an increase in FW production by 22.12%
compared to the control, whereas no significant differ-
ence was observed between the control and GO-treated
callus cultures. Following GO + Cu treatment, a twofold
enhancement of fresh weight was detected in poplar
cells compared to both the control and GO-treated calli.
In contrast, the co-exposure to GNP and Cu caused a
decrease in FW by approximately 27% compared to GNP
alone, resulting in values similar to the control. About
DW, both in the presence of GNP and GO, poplar cells
showed a reduction in dry weight compared to the con-
trol, being more pronounced in the GO condition (by
78.8%) than in the GNP condition (by 35.8%). Conversely,
following both GO+ Cu and GNP +Cu treatment, an
increase of approximately 70% in DW was observed com-
pared with the control. No difference between control
and Cu-treated cells was detected in clone 58-861. As
reported, the moisture content varied from 86% to 98%
in all the applied treatments, resulting higher in poplar
cells exposed to GO and GNP alone and lower under
GNP + Cu treatment.

Due to the high water content detected within the cells
of clone 58-861, all physiological parameters were calcu-
lated in relation to DW rather than FW.

TEM analysis

Under TEM, GO appeared as thin, randomly aggregated
stacked sheets with varied edges and highly variable size,
ranging from 50 nm to more than 1 pm (Fig. 1A). The
GNP was observed as spherical aggregates, with diam-
eters ranging from 20 to 80 nm (Fig. 1B).

Analysis of the control calli revealed cells characterized
by large vacuoles containing rare, dispersed material.
Their cytoplasm was rich in mitochondria, endoplas-
mic reticulum, and plastids containing 3-5 starch grains.
Furthermore, the large nuclei displayed highly dispersed
chromatin (Fig. 1C). In the GO-treated calli, alongside
cells exhibiting an ultrastructure similar to the control
group, cells with completely disrupted cytoplasm were
also observed (Fig. 1D). Some cells contained GO sheets
within their vacuoles (Fig. 1E), and occasionally these
sheets were even present in the cytoplasm (Fig. 1F).

Conversely, in the cells of GO + Cu-treated calli, pleo-
morphic nuclei with a large nucleolus were detected. The
cytoplasm was characterized by mitochondria lacking
evident cristae, unusual plastids with one or two starch
grains, and electrondense bodies (Fig. 2A-C). Numerous
small vacuoles, occasionally containing one or two small,
round and electrondense bodies were also observed
(Fig. 2B-C). Within the large central vacuole, structures
resembling GO sheets were discernible (Fig. 2D-E).
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Fig. 1 TEM images of clone 58-861: A GO sheets, B aggregates of GNP; C portions of control culture cells; D-F portions of GO-treated culture cells. M,
mitochondrion; N, nucleus; P, plastid; S, starch grain; V, vacuole; W, cell wall. The arrows indicate GO sheets
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Fig.2 TEMimages of clone 58-861: (A-E) portions of GO + Cu-treated culture cells. The arrowheads indicate the electrondense bodies in the vacuoles. (F)
Portions of GNP-treated culture cells. M, mitochondrion; N, nucleus; n, nucleolus; P, plastid; S, starch grain; V, vacuole; W, cell wall
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Following GNP treatment, poplar cells were charac-
terized by large vacuoles abundant in dispersed material
(Fig. 2F). Their pleomorphic nuclei contained more con-
densed chromatin compared to the other treatments and
1-2 nucleoli (Fig. 2A). The cytoplasm featured mitochon-
dria with an electrondense matrix, numerous unusually
shaped plastids devoid of starch grains, and electron-
dense bodies (Fig. 3A-B). The endoplasmic reticulum fre-
quently appeared to expand, forming vesicles and small,
seemingly empty vacuoles (Fig. 3B). Notably, GNP was
not detected in any of the sections examined.

The cells of the GNP + Cu-treated calli were frequently
plasmolyzed (Fig. 3C). Their cytoplasm, of unusual
appearance, contained organelles that were often uniden-
tifiable, with the exception of large plastids rich in starch
granules (Fig. 3C-D). The pleomorphic nuclei displayed
an unusual ultrastructure and large nucleoli (Fig. 3D).
Vesicles and small vacuoles, often enclosing one or two
small electrondense bodies, were evident in the cyto-
plasm (Fig. 3E). Rarely, small aggregates of GNPs were
detected within the vacuoles (Fig. 3F).

Oxidative stress

As shown in Fig. 4A, significant differences in MDA
content were detected among treated-callus cultures.
After three weeks, a marked increase in MDA levels was
observed in poplar calli exposed to either GO or GNP
alone compared to the control, with the effect being more
pronounced in the GO treatment. The co-presence of
GO and Cu in the medium caused a 57% reduction in
MDA content compared to GO alone, although the level
was still higher (approximately 27%) than control. The
GNP + Cu treatment significantly reduced MDA levels,
with a 50% decrease compared to the control and 71%
compared to GNP alone. In contrast, Cu alone caused
only an 18% reduction relative to the control.

As reported in Fig. 4B, when exposed to GO alone,
poplar callus cultures showed an approximately 85%
enhancement in CAT activity whereas in the presence of
GNP, no statistical difference was observed compared to
the control. Exposure to GO + Cu significantly affected
CAT activity, resulting lower than either the control
or GO alone (by 67.5% and 83.5%, respectively). The
GNP + Cu treatment led to a 24% reduction in CAT activ-
ity with respect to GNP alone, although no statistically
significant differences were present relative to the con-
trol. Finally, exposure to Cu alone caused a 44% reduction
in CAT activity compared to the control.

As shown in Fig. 4C, neither GO nor GNP alone sig-
nificantly affected APX activity in poplar cells compared
to the control. While Cu alone reduced enzymatic activ-
ity by 27% in clone 58—861, the most substantial effects
were observed when copper was combined with GO or
GNP. The GO +Cu and GNP +Cu treatments reduced
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APX activity by approximately 61% and 49%, respectively,
compared to GO and GNP alone.

In clone 58-861, exposure to either GO or GNP alone
did not significantly affect GST activity relative to the
control (Fig. 4D). The presence of Cu, either alone or
in combination with GO or GNP, led to an increase in
enzyme activity, although no statistically significant com-
pared to the control.

In this study, callus cultures exposed to GO alone
showed a five-fold increase in total protein content com-
pared to the control, while an almost two-fold enhance-
ment was observed in GNP-treated poplar cells (Fig. 5).
In calli grown on medium supplemented with GO + Cu,
total protein levels were reduced by 63% relative to GO
alone, still resulting in a higher protein content compared
to the control. When exposed to GNP + Cu, clone 58-861
showed a 65% decrease in protein accumulation com-
pared to GNP alone, although not statistically different
from the control. Notably, the presence of Cu alone in the
medium had no effect on total protein content.

H*-ATPase activity

In poplar cells, as reported in Fig. 6A, exposure to GO
alone had no effect on plasma membrane H*-ATPase
levels. Conversely, the co-presence of GO and Cu led to
a notable increase in enzyme abundance, compared to
both the control and Cu-treated cells. Furthermore, GNP
alone caused a slight increase in H"-ATPase relative to
the control and GO-treated cells. However, the combined
exposure of GNP and Cu resulted in a reduction of the
proton pump’s levels.

Interestingly, H*-ATPase activity is not correlated
with plasma membrane enzyme levels. As shown in
Fig. 6B, across all treatments, a significant reduction
in H'-ATPase activity was observed in clone 58-861
when compared to the control. Both GO and GNP alone
reduced H*-ATPase activity. The addition of Cu, either
alone or in combination with GO or GNP, led to a further
decrease, in the order GO + Cu> Cu> GNP + Cu.

Cu and nutrient uptake

As summarized in Table 3, a significant difference in Cu
uptake was observed in the treated cells. Specifically, in
clone 58-861, the Cu content increased in the following
order: Cu>GO +Cu>GNP + Cu. The adsorption kinetic
assay performed in demineralized water demonstrated
a differential behaviour between GO and GNP regard-
ing their potential role as Cu carriers into the callus
cells. Generally, adsorption was rapid, with equilibrium
reached within one hour (Supplementary Fig. S1). Spe-
cifically, GO exhibited higher adsorption efficiency, bind-
ing up to 40% of the Cu (despite the non-optimal pH for
adsorption), whereas GNP adsorption levelled off at less
than 15%.
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Fig.4 Radar plot representation of lipid peroxidation content (MDA) (A), catalase (B), ascorbate peroxidase (C) and glutathione S-transferase (D) activities
in callus cultures of P nigra clone 58-861 exposed for 3 weeks to Cu alone, GO and GNP with or without Cu. Data represent the mean of three biological
replicates, with values normalized to the control condition (0 mg/L=control=1). A detailed Tukey's test (p < 0.05) was performed prior to normalization

and the results are available in Supplementary Table S1

In poplar cell cultures, micro- and macronutrient
uptake differed significantly across the various treat-
ments. In detail, GO exposure led to a marked increase
in the levels of all measured elements. When GO and Cu
were combined, the concentrations of most macro- and
micronutrients decreased to levels similar to control
and Cu-treated cells, although calcium (Ca), magnesium
(Mg), and sodium (Na) concentrations remained slightly
higher than the control.

GNP treatment increased the concentrations of boron
(B), Ca, Mg, sulfur (S) and Na relative to the control.
However, this effect was notably less marked than the
impact of GO. The presence of GNP + Cu in the growth
medium led to a reduction in the uptake of B, Mg, S and
Na. Other element levels were unaffected, except Ca,
which showed a higher concentration than the control.

Principal component analysis (PCA)
The first two components of the PCA explained 75.7%
of the total variance in the dataset (Dim1: 49.5%; Dim2:
26.2%) (Fig. 7A), summarizing the complex physiologi-
cal and biochemical responses of clone 58-861 to the
different treatments. Diml was positively correlated
with CAT (r=0.94), APX (r=0.84), and to a lesser extent
GST (r=0.61) enzymatic activities, as well as with water
(r=0.74), Ca (r=0.73), and protein (r=0.74) contents. It
was negatively correlated with DW (r = -0.92) and Cu
content (r = -0.82). Along Dimension 1, a clear distinction
emerged between Cu-exposed and Cu-free treatments.
Dim2 was positively correlated with Ca (r=0.61) and
protein content (r=0.66), while being negatively cor-
related with ATPase activity (» = -0.82). A weaker nega-
tive correlation was also present with GST (r = -0.69)
and MDA (r = -0.57). On Dimension 2, we observed a
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Fig.5 Radar plot representation of total protein content in callus cultures
of P nigra clone 58-861 exposed for 3 weeks to Cu alone, GO and GNP
with or without Cu. Data represent the mean of three biological replicates,
with values normalized to the control condition (0 mg/L=control=1). A
detailed Tukey's test (p <0.05) was performed prior to normalization and
the results are available in Supplementary Table S1

clear separation between GO-treated samples (GO and
GO + Cu) and the other samples (C, GNP, and GNP + Cu).
Overall, the two dimensions of the PCA clearly distin-
guished samples based on their treatment, revealing six
distinct, non-overlapping clusters with 95% confidence
interval ellipses (Fig. 7B). The GO treatment clustered
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within the positive quadrants of both Dim1l and Dim2,
primarily associated with protein synthesis and Ca con-
tent, showing a clear divergence from Cu and GNP + Cu
treatments, which localized in the negative regions of
both axes. The GO +Cu treatment was located in the
negative Dim1 and positive Dim2 quadrant, associated
with FW and Cu content, contrasting with C and GNP
treatment, closely positioned in the positive Dim1 and
negative Dim2 quadrant.

Discussion

In this work, to investigate the combined effects of GO
+ Cu and GNP + Cu on callus cultures of P. nigra clone
58-861, we selected the Cu concentration that caused
a 20% reduction (EC,) in fresh weight. Employing sub-
lethal concentrations enables the investigation of long-
term and chronic effects on plant health that might be
masked by acute toxicity tests. This approach is highly
relevant to natural environments, where heavy metals
often occur at low but persistent levels posing a risk of
bioaccumulation and complex interactions with other
contaminants. This underscores the importance of such
studies [40].

Interactions among environmental stressors within
plants can occur through various mechanisms, affect-
ing both the magnitude and characteristics of their indi-
vidual impacts. To evaluate phytotoxicity, plant growth
is frequently employed as a crucial physiological param-
eter. Most studies on the interaction between graphene-
based materials and higher plants have reported both
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Fig. 6 Plasma membrane H*-ATPase levels and activity of poplar callus cultures exposed for 3 weeks to Cu alone, GO and GNP with or without Cu. (A)
Western blot analysis of plasma membrane proteins. Twenty pg of plasma membrane purified fractions were separated by SDS-PAGE, blotted onto PVDF
membrane, and immunodecorated with polyclonal anti-H*-ATPase antibodies. The full-length blot is included in “Supplementary File”. (B) Vanadate-
sensitive phosphohydrolytic activity of H*-ATPase from plasma membrane fractions. Data represent the mean of three biological replicates. Statistical
significance was assessed by Tukey's test, and asterisks indicate statistical differences respect to the Control (**, p<0.01; ***, p<0.001)
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Table 3 Effects of GO, GNP and Cu, either alone or in combination, on Cu and nutrient uptake in clone 58-861
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stimulatory and inhibitory effects on plant growth and
development, depending on plant species, the specific
experimental conditions and concentration, exposure
time, and physicochemical properties of nanostructures
[1, 14]. The presence of GO alone significantly reduced
the dry weight of poplar cells compared to the control,
while increasing their water content. Analogously, treat-
ment with GNP led to a decrease in cellular dry weight,
though to a lesser extent than with GO, accompanied by
an increase in water content. Notably, structural analy-
sis confirmed the absence of plasmolysis, a finding that
contrasts with observations in Chlorella vulgaris [41]
and Brassica napus L [42] treated with GO. Although the
exact mechanism by which nanomaterials, like GO, affect
plant growth remains unclear, it is plausible that this
effect is associated with the upregulation of aquaporin
genes, which are essential for maintaining proper plant-
water relations. This hypothesis is supported by Khoda-
kovskaya et al. [43] who observed aquaporin activation in
tobacco cells treated with carbon nanotubes.

The combined presence of GO and Cu in the growth
medium led to a notable increase in poplar cell dry
weight, while their water content remained comparable
to that of the control. Similarly, the co-presence of GNP
and Cu led to a marked enhancement in the dry weight
of poplar cells compared to the control. This effect, how-
ever, was accompanied by a notable reduction in water
content, as confirmed by TEM, which revealed frequent
plasmolysis in GNP + Cu-treated callus cells. It is plau-
sible that the observed increase in dry weight stems
from the presence of starch granules within plastids.
This aligns with findings by Hu et al. [44], who suggested
that starch accumulation may be linked to cellular stress
adaptation mechanisms.

Moreover, it is well known that changes in plant
growth and development are associated with the uptake
of macro- and micronutrients, which are essential for
various physiological and metabolic pathways [45, 46].
Although the phytotoxicity of GO has received extensive
attention, few studies have examined its impact on plant
nutrient uptake [47, 48]. For instance, in the presence of
increasing GO concentrations, a downward trend in the
levels of N, K, Fe, Zn, Mo, B and Si was observed in white
clover (Trifolium repens L.) [49] while a reduction in the
contents of macro- (K, P, N, Mg) and micronutrients (Zn,
Mo, Fe, B, Si) occurred in alfalfa (Medicago sativa L.)
[50]. Similarly, Zhang et al. [51] found a decrease in the
levels of N, K, Ca, Mg, Fe, Zn and Cu in wheat seedlings
(Triticum aestivum L.) exposed to different concentra-
tions of graphene. In the current work, in the presence
of GO, the poplar clone exhibited a marked increase in
the levels of all measured nutrients, whereas the GNP
treatment enhanced only the concentrations of B, Ca,
Mg, S, and Na. These results likely stem from the surface
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Fig. 7 Principal Component Analysis (PCA) of biological responses of poplar callus cultures exposed to Cu alone, GO and GNP with or without Cu. (A)
Variables plot illustrating the contributions and correlations of measured parameters to the principal components. Vectors indicate the direction and
strength of correlation with the dimensions. Colour intensity (blue to orange/red) reflects the variable’s contribution to the displayed components. Vari-
ables are: FW, DW, Water content, Protein content, Cu content, Ca content, APX, CAT, MDA, GST, ATPase activity. Both plots are projected onto the first two
principal components (Dim1: 49.5% explained variance; Dim2: 26.2% explained variance). (B) Individuals plot showing the clustering of samples based
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confidence intervals for group centroids
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chemistry of the nanomaterials. GO’s higher density of
oxygen-containing functional groups increases its hydro-
philicity compared to GNPs, promoting the rearrange-
ment of lipid membranes and the formation of new pores
in the cell wall, thereby enhancing membrane permeabil-
ity, water uptake, and nutrient transport, as reported in
other studies [21, 43, 52]. The co-presence of Cu in the
growth medium differentially affected nutrient levels in
poplar cells treated with GO and GNP. In detail, follow-
ing GO + Cu exposure, the concentrations of Ca, Mg, and
Na were higher than those in the control. In contrast, in
the presence of GNP + Cu treatment, only the Ca level
increased with respect to the control. The maintenance
of Ca homeostasis within the cell is crucial as it contrib-
utes to cell wall and membrane integrity and functions
as a second messenger in many physiological processes,
including stress response [53].

Regarding intracellular Cu accumulation, the results
showed that 25 mg/L of GO promoted metal uptake in
poplar cell culture, resulting in a higher content than
with either GNP + Cu or Cu alone. Previous studies have
reported GO’s impact on the metal uptake in plants.
For instance, the co-presence of carboxylated graphene
oxide-chitosan spheres (GO-COOH/CS) reduced Cu bio-
accumulation in wheat seedlings from Cu?* polluted soil
[25] while Cu uptake in Lemna minor L. was decreased
by the addition of GO (5 mg/L) in a 20 uM Cu®" aque-
ous solution [2]. These findings were attributed to the
adsorption of Cu?* onto the GO surface, thereby mitigat-
ing metal accumulation and toxicity. Conversely, at high
GO concentration, enhanced Cd levels were observed
in rice [26] and wheat [3], which is consistent with our
results. It is plausible that oxygen functional groups allow
GO to efficiently adsorb Cu and act as a carrier, keeping
this metal readily available for uptake by poplar cell cul-
ture, as reported by Kabiri et al. [4].

Previous investigations have shown that graphene
nanomaterials can trigger reactive oxygen species (ROS)
generation within plant cells. Increased ROS levels cause
oxidative stress, leading to metabolic alterations, dys-
functions and affecting membrane fluidity and perme-
ability. Therefore, maintaining the balance between ROS
production and elimination is crucial for redox homeo-
stasis and the physiological activities of plants [54].

The plasma membrane acts as the primary barrier,
regulating the transport of substances - including toxic
ones - and triggering signalling pathways to mitigate
their effects. How graphene nanomaterials interact with
the plasma membrane remains to be fully elucidated,
as the process varies significantly with concentration,
physicochemical properties, and plant species. Recent
findings by Li et al. [55] reported a downregulation of
proteins related to endocytosis in pepper plants treated
with graphene derivatives (GO, rGO, and GOQDs).
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These results suggest that endocytosis may be involved
in plant graphene nanomaterial uptake; however, further
investigation is required to fully elucidate the mecha-
nism for the internalization of graphene nanomaterials
in plant cells. In this study, TEM observations revealed
the presence of GO in both the cytoplasm and the vac-
uole, thereby confirming its internalization into the cell
following treatment with GO alone and in co-presence
with Cu. Likewise, small aggregates identifiable as GNP
were detected in the vacuole, though only in cells treated
with GNP + Cu. These outcomes are consistent with
those of Marcote et al. [56], who observed that endocy-
tosed markers in plant cells ultimately accumulate in the
vacuoles. It’s plausible that the vacuolar confinement
of these materials, along with the increased number of
starch granules observed by TEM, represents a cellu-
lar self-defence strategy to limit their impact on cellular
physiological activity, as previously reported [42, 44].
The internalization induced ultrastructural alterations
of varying intensity, specifically targeting mitochondria
and plastids, as evidenced by TEM, thereby contribut-
ing to oxidative stress. The extent of such oxidative dam-
age can be indicated by malondialdehyde (MDA), which
is the major product of membrane lipid peroxidation [1,
29]. Our findings showed that after 21 days, both GO and
GNP treatments induced a significant increase in MDA
levels compared with the control, exhibiting a more pro-
nounced effect with GO. These findings align with those
of Anjum et al. [57], who reported increased MDA levels
in Vicia Faba L. exposed to increasing GO concentra-
tions. Similarly, a rise in MDA content was detected in
Aloe vera L. at high GO concentrations [58]. Notwith-
standing the results, lipid peroxidation did not emerge as
a primary factor differentiating the treatments under the
experimental conditions, as shown by PCA.

The co-presence of GNP and Cu resulted in a signifi-
cant decrease in MDA content relative to the control,
GNP alone, or Cu alone. Conversely, under GO + Cu
treatment, MDA levels were reduced by 56.7% com-
pared with GO alone, remaining still higher than in the
control and Cu-treated cells. To the best of the authors’
knowledge, research on the mutual effects of GO and
metals is scarce, with a notable lack of analysis regarding
their combined impact on the oxidative stress response.
According to Muszyniska and Labudda [23], some heavy
metals, such as Cu, exhibit a dual role and at low concen-
trations, contribute to the mitigation of oxidative stress
in plants under stress conditions. Their involvement
includes, but is not limited to, the maintenance of redox
and ionic balance. For example, Wu et al. [59] found that
Mo supplementation reduced the level of lipid peroxida-
tion marker in T. aestivum under drought stress.

To counteract the high levels of ROS and oxida-
tive stress, plants activate a well-regulated antioxidant
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machinery involving several enzymatic and non-enzy-
matic components that work synergistically to achieve
ROS homeostasis [60]. Among the ROS species, H,0, is
regarded as a crucial redox molecule, due to its remark-
able stability and its capacity to act as a signaling mol-
ecule, modulating several downstream reactions, such
as cell differentiation, cell wall formation and stress
response [61, 62]. In the antioxidant system, catalase
(CAT), ascorbate peroxidase (APX) and glutathione
S-transferase (GST) enzymes are considered effective
scavengers of H,O,. Specifically, CAT is crucial for main-
taining redox balance during oxidative stress, while APX
plays a critical role in controlling intracellular H,O, lev-
els. GST plays multiple roles in stress tolerance, including
binding metal ions via glutathione’s SH group and reduc-
ing the oxidative stress-induced accumulation of H,O,
and MDA [60]. In this study, the presence of GO in the
growth medium caused a marked enhancement in CAT
activity, while no effect was observed on APX and GST
activities compared to the control. While the co-presence
of Cu had no effect on GST activity, it notably decreased
both CAT and APX activities compared to GO alone and
the control. In contrast, GNP treatment alone did not
affect the activity of any of these enzymes compared with
the control.

GO and GNP have been shown to affect plant physi-
ological responses by either modulating antioxidant
defences at low concentrations or inducing severe oxi-
dative stress at higher doses [14]. In our study the inter-
action between GNP and Cu resulted in a pronounced
decrease in APX activity when compared to both the con-
trol and GNP alone. The inhibition of enzymatic activities
could be associated with the decrease in soluble protein
content. Our findings showed that, in clone 58—861, the
presence of GO alone led to a marked increase in pro-
tein content compared with the control. Our results align
with Zhao et al. [50], who reported an increase in pro-
tein levels in alfalfa (M. sativa L.) exposed to a low GO
concentration. The co-presence with Cu significantly
reduced the protein content, yet it remained higher than
control. Following GNP treatment, an enhancement in
protein levels was observed. Conversely, the co-presence
of Cu induced a reduction compared to GNP alone, yet
not statistically different from levels observed in control
and Cu alone. The scarcity of information in the existing
literature on the interactions among Cu, GO or GNP, and
antioxidant enzymes makes it difficult to draw compari-
sons with other systems. Regardless, the sharp decline
in CAT and APX activities, accompanied by a significant
reduction in total protein content, suggests that these
enzymes are primary targets of Cu-induced toxicity. This
effect is particularly evident in the GO + Cu treatment,
indicating enzymatic inhibition or impaired protein syn-
thesis - potentially triggered by the direct binding of Cu
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ions to functional sulfhydryl groups or the displacement
of essential metal cofactors - rather than a diminished
requirement for ROS scavenging [63—65]. TEM obser-
vations corroborated these findings, revealing that Cu
addition - specifically to GNP-triggered mitochondrial
alterations and affected nuclear morphology, character-
ized by significant chromatin condensation.

Recently, several studies have investigated the link
between plasma membrane (PM) H*-ATPase and ROS
signalling in plant response to abiotic stress [53, 62].
Membrane damage, caused by oxidative stress, induces
ionic disturbances in cells. Under such conditions, the
plasma membrane (PM) H*-ATPase plays a key role in
regulating ion homeostasis by enhancing membrane
potential generation and supplying the proton motive
force for secondary active transport [66]. It is worth not-
ing that no previous work has investigated the effect of
GO and GNP on this proton pump’s activity. In the cur-
rent study, in clone 58—861, H'-ATPase levels remained
unaffected by GO treatment even though they exhibited
a slight increment in the presence of GNP. Notably, both
conditions were associated with a reduction in ATPase
activity relative to the control. About GNP, the addition
of Cu in the growth medium led to a reduction both in
H*-ATPase levels and activity compared to GNP alone
and control. Conversely, the co-treatment of GO and Cu
led to a significant reduction in ATPase activity despite
increased enzyme levels at the membrane. The strong
inhibitory effect on H"-ATPase activity observed across
all treatments did not correlate with the enzyme’s mem-
brane levels. This discrepancy suggests a direct effect of
GNP and GO on proton pump activity, likely mediated by
post-translational mechanisms, including the well-known
regulatory event involving the phosphorylation of a thre-
onine residue at the extreme C terminus of the enzyme
and the subsequent binding of 14-3-3 proteins. Addition-
ally, since it is well known that Cu is a H"-ATPase inhibi-
tor, inducing half-maximal inhibition at 2—5 uM [67], the
strong inhibitory effect of GNP + Cu and GO + Cu can
be attributed to the combination of copper’s toxic effects
and the enzyme’s post-translational regulation. Since
the H'-ATPase provides the primary motive force for
secondary active transport, the inhibition of the proton
pump observed upon co-exposure to GO + Cu and GNP
+ Cu is apparently at odds with the general increase in
nutrient levels detected in this study. This apparent para-
dox can be reconciled by considering a shift from active
to passive transport mechanisms. The nanomaterials may
directly affect membrane permeability, a hypothesis sup-
ported by the observed increase in water uptake. These
results suggest that the elevated nutrient concentrations
in the poplar callus are a consequence of increased mem-
brane permeability and passive influx, rather than a stim-
ulation of H*-ATPase-driven active transport.
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The observed results suggest that GO+Cu and
GNP + Cu treatments trigger cellular metabolic quies-
cence. By altering mitochondrial cristae and inhibiting
H*-ATPase, these treatments impair energy production,
prompting the cell to shift carbon flow into starch stor-
age rather than antioxidant maintenance. This metabolic
shutdown concurrently appears to suppress ROS genera-
tion below the threshold required for lipid peroxidation,
despite the cell’s diminished scavenging capacity. Further
studies are required to elucidate the mechanisms under-
lying this response.

Conclusion

To the best of our knowledge, this study represents the
first investigation into the combined effects of Cu and
carbon nanomaterials (GO or GNP) on the woody spe-
cies Populus nigra L. (clone 58-861), under in vitro
growth conditions. Our results showed that co-occur-
rence of Cu, at its EC,, concentration, and graphene
nanomaterials induce a distinct stress phenotype in P
nigra callus. This state is characterized by a counterintui-
tive increase in dry weight and a significant reduction in
lipid peroxidation compared to GO or GNP treatments
alone; however, this apparent physical recovery is under-
mined by a severe impairment of the antioxidant defence
system.

The interaction between GO and Cu promoted sig-
nificantly higher intracellular metal uptake than the
GNP + Cu treatment, as GO’s oxygen-containing func-
tional groups (epoxy, hydroxyl, and carboxyl) facilitate
metal complexation more effectively than the inert GNP
surface. This suggests that risk assessment for graphene
nanomaterials cannot be based on their individual toxic-
ity alone; rather, it must consider their role as potential
vectors for co-existing pollutants.

These findings offer new perspectives into the mutual
effects of Cu and carbon nanomaterials, providing essen-
tial data for the safer environmental application of these
materials. Given the available genetic map of P nigra,
further research is necessary to better understand the
Cu-GO or Cu-GNP-plant interaction at the molecular
level.

Although this study utilized in vitro callus cultures, the
results provide valuable insights for future in vivo whole
plants studies and field experiments, necessary to vali-
date these mechanisms in natural systems.
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