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Abstract

Graphene oxide (GO) synthesised by modified Tour's method was decorated with copper and zinc nanoparticles

(NPs) and simultaneously reduced by sodium borohydride to obtain a nanocomposite of reduced GO with copper
and zinc NPs (rGO-Cu-Zn). The nanocomposite rGO-Cu-Zn was characterised by transmission electron microscopy
(TEM), energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
The rGO-Cu-Zn was tested against Xanthomonas euvesicatoria (X. euvesicatoria), which attacks tomatoes and causes
bacterial spots (BSs), and compared with the commercial product Champion 50 WG. Total bacterial growth inhibi-
tion was observed for the 1% rGO-Cu-Zn, whereas Champion 50 WG at the same concentration inhibited but did

not eradicate all the bacterial colonies. To evaluate the negative effect of the rGO-Cu-Zn on the molecular level,

the expression of the genes associated with the action of abiotic and biotic stress factors was analysed. Gene expres-
sion in the plants treated with 10% rGO-Cu-Zn did not exhibit a noticeable increase.
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Introduction

Tomatoes are an economically important crop grown
globally in fields and greenhouses. The high nutritional
value of tomatoes consists of numerous bioactive com-
pounds, such as vitamin C, provitamin A, folate, phe-
nolic acids and flavonoids. Moreover, tomatoes are a
rich source of potassium, minerals, pectin and sugars
[1]. Global tomato production was over 189 million
tonnes in 2021, hitting more than 16% of all vegetable
crop production (1154 million tonnes in total), according
to the Food and Agriculture Organization of the United
Nations (FAO) report [2]. Plant bacterial diseases cause
perceptible losses on a global scale annually [3-5]. BS is
an important tomato and pepper disease induced by the
genus Xanthomonas phytopathogenic bacteria. BS of
tomato caused by X. euvesicatoria affects all the above-
ground parts of the plants [6-8]. Black necrotic spots
on the shoots and leaves are followed by chlorosis and
wilting, reducing the photosynthetic capacity and yield
potential. Black spots on the fruit significantly reduce
the crop quality and marketable yield of fresh market and
processing tomatoes [9-11]. A 24-30 °C temperature
range and high relative humidity create favourable condi-
tions for spreading the disease. Serious infections of BS in
the plantations can cause substantial losses, reaching 66%

of the production [12-15]. Management of BS is com-
plex and includes applying preventive measures, such as
utilising disease-free seeds or seedlings, crop rotation or
disease-tolerant varieties [16]. General recommendations
include routine spraying of copper-based bactericides;
however, effective bactericidal preparations are unavail-
able on the market [17].

The biocidal activity of copper has been known for
centuries, and ancestors used it to cure illnesses or for
sterilisation and sanitation [18]. Copper is also a trace
element and an essential micronutrient in plant, ani-
mal, and human tissues. Therefore, copper is applied in
agriculture not only as a protectant but also as a foliar
fertiliser. The request to reduce the amount of cop-
per needed for successful disease control is nowadays
more than actual. The European Union (EU 2018/1981)
regulation reduced the maximal dose allowed from 6 to
4 kg Cu/ha/year over seven years [19], a consequence of
the mid-twentieth century doses as high as 50 kg Cu/
ha/year being applied frequently for decades [20]. The
first bactericide for crop protection used copper(II) sul-
phate in the Bordeaux mixture [21]. Nevertheless, due
to high solubility in water and the penetration capacity
of Cu** ions, this mixture was highly phytotoxic and,
therefore, unsuitable for crop protection [22]. Other
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copper-based compounds were tested and further
used for crop protection against microbes, including
copper(II) hydroxide or copper(Il) oxide [23]. These
copper-based compounds are allowed in the EU, USA
and Australia. These permitted copper-based com-
pounds are practically insoluble in water, and their
Cu*" ions slowly release in slightly acidic pH [24]. The
limitation of these copper-based bactericides allowed
in micron size is their hydrophobicity and water aggre-
gation, decreasing their surface area and declining their
antimicrobial activity [25]. NPs of these compounds
offer to overcome such difficulties [26]. Several stud-
ies indicate the potential of zinc nutrition in both bulk
form and as NPs to combat bacterial pathogens. The
antibacterial properties of zinc oxide (ZnO) NPs were
confirmed in lentils against Pseudomonas. syringae pv.
syringae and Xanthomonas axonopodis pv. phaseoli
[27] and in nutrient agar medium against Xanthomonas
campestris pv. beticola, Pseudomonas syringae pv.
Aptata and Pectobacterium betavasculorum [28]. Zinc
deficiency especially appears in economically devel-
oping nations where chronic inadequate zinc intake is
the main reason for malnutrition [29, 30]. There is a
very close geographical relationship between human
health and soil zinc deficiency, indicating an increas-
ing need for crop biofortification using zinc [31]. Zinc
can also contaminate soil, but its presence in soil has
usually been related to urbanisation and industrialisa-
tion in recent years, so agriculture is not the source of
zinc contamination [32]. GO and rGO are single-layer
nanomaterials (depending on the definition) consisting
of carbon atoms in a honeycomb lattice that primarily
structurally differ in the number of present oxygen-
rich function groups on their surface. NPs can decorate
both nanomaterials to create functional nanocompos-
ites to protect or supplement crops with no phytotoxic-
ity [33, 34].

This study aims at finding the minimum amount of
copper that shows the desirable effects with a minimum
negative impact on the environment with nanotechnolo-
gies’ assistance. Copper cannot be omitted entirely from
plant protection so that the latter remains economically
reasonable for farmers, but the size in the nanoscale, syn-
ergistic effect with other elements and smart carrier can
create a new material that meets the requirements of all
parties and brings a new concept in plant protection that
aligns the green deal requirements.

Experimental section

Materials and methods

Demineralised water was produced using an Aqual
25 reverse osmosis apparatus (Aqual, Ceskd, Czech
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Republic) and further treated with Millipore System
Inc. (Billerica, MA, USA) to obtain ultrapure water with
a corresponding resistivity of 18.20 MQ cm (at 25 °C).
All experiments used ultrapure water unless otherwise
stated. The pH values were evaluated using a pH meter
(WTW inoLab, Weilheim, Germany) with a WTW Sen-
Tix pH electrode.

Synthesis of GO
The synthesis of GO was previously described in
Bytesnikovd et al. [33].

Synthesis of rGO decorated concurrently with copper

and zinc NPs (rGO-Cu-Zn)

The dispersion containing 50 mg of GO was diluted by
250 mL of 10 mM solution of zinc acetate dihydrate
(>99.0%, Sigma-Aldrich, St. Louis, MO, USA) and
250 mL solution of copper(Il) acetate monohydrate (98%,
VWR, Radnor, PA, USA). The mixture was stirred vig-
orously for 10 min at 500 rpm; then, 400 mg of sodium
borohydride (98%, Sigma—Aldrich, St. Louis, MO, USA)
was gradually added. The final product was three times
washed with ultrapure water using a centrifuge (10 min,
6500 rcf; Universal 320, Hettich, Tuttlingen, Germany)
with a total volume of 1.5 L. The final volume was
100 mL.

Synthesis of rGO decorated with copper (rGO-Cu) and zinc
(rGO-Zn) NPs

The dispersion containing 50 mg of GO was diluted by
500 mL of 10 mM solution of zinc acetate dihydrate for
rGO-Zn or 500 mL solution of copper acetate monohy-
drate for rGO—Cu. Each mixture was stirred vigorously
for 10 min at 500 rpm; then, 400 mg of sodium borohy-
dride was gradually added. The final products were trice
washed with ultrapure water using a centrifuge (10 min,
6500 rcf; Universal 320, Hettich, Tuttlingen, Germany)
with a total volume of 1.5 L. The final volumes were
100 mL for rGO-Cu and rGO-Zn.

Characterisation of nanomaterials

TEM with EDX spectroscopy

The sample was studied by HRTEM FEI Talos F200X
and operated at 200 kV, with a maximum beam current
of 1.0 nA. The lower amount of beam current was cho-
sen not to damage the GO in the sample. The microscope
was equipped with a Super-X EDX system with four sili-
con drift detectors, enabling element mapping. The sam-
ple was prepared on Au-grid-coated holy-carbon film.
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The measured selected area electron diffraction (SAED)
patterns were evaluated by ProcessDiffraction.

Scanning electron microscopy (SEM)

The morphologies of the samples were determined using
SEM. The dispersed samples were diluted 1:20 with
ultrapure water, applied to silicon wafers from Siegert
Wafer company (Siegert Wafer GmbH, Aachen, Ger-
many) and allowed to dry at room temperature (20—
25 °C). Images of the samples were obtained using a
MAIA 3 SEM (TESCAN, Brno, Czech Republic). An in-
beam SE detector with an accelerating voltage of 5.0 kV,
3—4 mm working distance and 100,000—50,000-fold mag-
nification were used. Full frame capture was performed
in UH Resolution mode, and image accumulation with
image shift correction was enabled; it took approximately
0.5 min with the ~0,32 ps/pixel dwell time. The spot size
was set at 2.4 nm.

Correlative analysis

A correlative AFM-in-SEM analysis was performed uti-
lising an atomic force microscope (AFM), LiteScope "
(NenoVision s.ro., Brno, Czech Republic), inserted
directly into a scanning electron microscope, MIRA3
XMU (Tescan, Brno, Czech Republic), equipped with an
EDX spectroscopy detector, X-MAX 20 (Oxford Instru-
ments PLC, Abingdon-on-Thames, UK). The analyzed
area was scanned in the SEM vacuum chamber while
simultaneously collecting data from AFM tip, SEM and
EDX detectors. Further data post-processing were gath-
ered using Mountains SPIP software (Digital Surf, Besan-
con, France).

XPS

XPS (Kratos Axis Supra with monochromatic Al K, X-ray
radiation, emission current of 15 mA and hybrid lens
mode, Manchester, UK) was used to analyse the surface
of the rGO-Cu-Zn nanocomposite. High-resolution
spectra were measured with a pass energy of 20 eV. The
spectra were fitted using a combination of Gaussian—
Lorentzian line shapes in CasaXPS software 2.3.22. The
Shirley algorithm was used to establish the spectra back-
ground [35].

X-ray powder diffraction (XRPD)—samples

A thin layer of a corresponding sample was deposited on
a surface of a Si zero background holder (ZBH) sample by
evaporating water from the suspension. All the samples
prepared on ZBH were then placed into the sample hold-
ers for XRPD analysis.
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XRPD - conventional Bragg-Brentano reflection geometry

Diffraction patterns were collected using a PANalytical
XPert Pro diffractometer (Malvern PANalytical, Almelo,
the Netherlands) equipped with a conventional X-ray
tube (Cu K, radiation, 40 kV, 30 mA) and a linear posi-
tion sensitive detector, PIXcel, with an anti-scatter shield.
A programmable divergence slit set to a fixed value of
0.25 deg., a Soller slit of 0.04 rad and a mask of 15 mm
were used in the primary beam. A programmable anti-
scatter slit set to a fixed value of 0.25 deg., a Soller slit of
0.04 rad and a Ni beta filter were used in the diffracted
beam. Data were collected in the range of 5-90 deg.
2theta with a step of 0.0131 deg. and 500 s/step, produc-
ing a scan of about 3 h and 46 min.

Evaluation of X-ray patterns

Qualitative analysis was performed using the High-
ScorePlus software package, version 5.1.0 (Malvern
PANalytical, Almelo, the Netherlands) [36] and the
PDF-4+ database [37].

Inductively coupled plasma mass spectrometry (ICP-MS)
Samples of nanocomposites were homogenised by sonifi-
cation for five minutes and further digested using a mix-
ture of acids in the microwave digestion unit (Ultrawave,
Milestone, Sorisole, Italy). Quadrupole ICP-MS Agilent
7700 % determined the total Cu, Zn and B contents. For
the quality control (QC) of ICP-MS measurement, the
QC sample was repeatedly analyzed—at the start and end
of the measurements. Requirements for the recovery of
QC samples were 80—120%.

Antibacterial activity of nanomaterials

The minimum inhibitory concentration (MIC) of the syn-
thesized rGO-Cu-Zn was determined based on colony-
forming units (CFU) enumeration. The bacterial strain X.
euvesicatoria 2594 was purchased from the National Col-
lection of Plant Pathogenic Bacteria. The fresh bacterial
suspension (1 - 10° CFU) was mixed with the rGO—Cu—
Zn at the final concentrations of 1.50%, 1.00%, 0.50% and
0.25% of nanocomposite and incubated at 28 °C under con-
tinuous shaking (130 rpm) for 24 h. Then, 100 pl of treated
bacterial suspension was pipetted on the centre of a sterile
petri dish, and molten (45 °C) plate count agar (Himedia,
India) was poured and mixed thoroughly. The positive con-
trol was prepared by replacing the tested nanocomposite
with the same volume of sterile distilled water. Petri dishes
were incubated at 28 °C for 40 h, and bacterial colonies
were enumerated. Simultaneously, the MIC was also deter-
mined for the copper-containing commercial preparation,
Champion 50 WG (Nufarm, Melbourne, Australia). The
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Table 1 The list of the oligonucleotides used for the evaluation of the gene expression in tomato

Protein Primer name Sequence 5’ -3’ Source

class Il acidic -1, 3-glucanase TomQ'a-F AAGCAAGAAGAGAGCATTAAAAGG [39]
TomQ'a-R GTAATATGTTGGTTTCTTTATTAGCATATG

class lll basic 3-1, 3-glucanase PRQb-F ACGCGTTGTTTACATCCCCTGGA
PRQb-R AGTTGTTGTTGTAAGTCCTCGCGT

glucan endo-1, 3-3-D-glucosidase PR1-F GGATCGGACAACGTCCTTAC [40]
PRT-R GCAACATCAAAAGGGAAATAAT

precursor of polyphenol oxidase PoP-F CTGATGAGGAGTACATCGCCAAG [41]
PoP-R GCCACCAATTCTATAAGCACCGTTA

catalase CAT-F TGGAAGCCAACTTGTGGTGT [42]
CAT-R ACTGGGATCAACGGCAAGAG

betatubulin Btub-F AACCTCCATTCAGGAGATGTTT [43]
Btub-R TCTGCTGTAGCATCCTGGTATT

antibacterial effect of synthesised components, rGO-Cu
and rGO-Zn, was evaluated to evaluate the synergic effect
of Cu and Zn. The bacterial suspension was mixed with
materials rtGO-Cu, rGO-Zn and rGO-Cu-Zn at the final
concentrations of 1.00%, 0.50% and 0.25% and incubated as
described above. Bacterial growth was judged by the naked
eye.

For the in-planta experiment, the tomato plants cv.
Mandat F1 was used at the stage of four true leaves and
nanocomposite rGO—Cu-Zn. The plants were grown in
the substrate TS4 (Klasmann—Deilmann GmbH, Geeste,
Germany) at 26 °C (16-h days) and 22 °C (8-h nights). The
plants were sprayed with 1.00% nanomaterial dispersion
until dripping off and then left to dry overnight. Champion
50 WG was applied at a concentration of 7 g L™ dispersion
according to the manufacturer’s recommendation. A sus-
pension of X. euvesicatoria 2594 (1103 CFU mL™ in PBS)
was sprayed on the plants analogously to the nanomaterial
application. The plants were covered by transparent plastic
bags for 48 h to increase humidity. For the positive control,
the nanomaterial was replaced by sterile water. For each
treatment, 12 plants were tested, and the experiment was
performed in three repetitions. The evaluation of BS symp-
toms was carried out two weeks after plant inoculation.
The occurrence of the symptoms was determined using
a 4-point scale. Based on the obtained data, the disease
severity (DS) was calculated using the following formula:

> (number of plants in a disease scale point - disease scale point)

3=high incidence of symptoms (more than one third of
the leaf surface infected).

Effect of rGO-Cu-Zn on relative gene expression in tomato
plants

The effect of rGO—Cu-Zn was evaluated based on the
expression of five different plant genes using real-time
PCR. As an individual treatment for evaluating phyto-
toxicity and gene expression, represented plants were
sprayed with 10% rGO—Cu-Zn; other plant treatments
were prepared analogously as described in the antibacte-
rial activity. RNA extraction was performed immediately
after the first appearance of black spot symptoms. Symp-
tomatic plant parts, namely leaves and parts of stems,
were taken and immediately deposited at — 80 °C. Plant
tissue was homogenised in a mortar with a pestle using
liquid nitrogen. In total, 100 mg of homogenised plant
tissue from each sample was utilised for RNA extraction
using the Spectrum Plant Total RNA Kit (Sigma—Aldrich,
St. Louis, MO, USA) according to the manufacturer’s
protocol. Reverse transcription was performed using
200 ng of RNA, random hexamer primers (Roche, Basel,
Switzerland) and RevertAid Reverse Transcriptase
(Thermo Fisher Scientific, Waltham, MA, USA), accord-
ing to the manufacturer. The cDNA was used as a tem-
plate for the real-time PCR, with the primer pairs shown
in Table 1. Housekeeping gene beta tubulin was used to

DS(%) =

-100

(toml number of plants - maximum disease scale point)

BS symptoms evaluation: 0=healthy leaves without
symptoms, 1=low symptoms occurrence (1-3 spots
per leaf), 2=symptoms occupying up to 1/3 of leaf area,

normalise gene expression among the samples. The real-
time PCR reaction of a 20 ul volume consisted of 1 x Hot-
Sybr qPCR Kit (MCLab, San Francisco, CA, USA), 2 ul of
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W 00-036-1451; Zincite, syn - ZnO
W 00-038-0595; Copper Borate Hydroxide - Cu2(BO(OH)2)(OH)3
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Fig. 1 SEMimage of GO A, TEM images of rGO-Cu-Zn B and C and elemental mapping of rGO-Cu-Zn D of the marked area cut from the TEM
image —The correlative analysis SEM E, AFM F and EDS G of rGO-Cu-Zn - XRPD of rGO-Cu-Zn (H)

prepared cDNA, 0.3 um of each primer of the primer pair
and PCR grade water. The reactions for each sample were
prepared in duplicate and run in qTower real-time PCR
cycler (Analytik Jena, Jena, Germany). The cycling condi-
tions were 10 min at 95 °C, 40 cycles of 15 s at 95 °C and
1 min at 60 °C. The Livak and Schmittgen [38] method
was used for relative quantification, and the analyses

were performed using qPCRsoft 3.4software (Analytik
Jena, Jena, Germany).

Results and discussion

This study’s plant protection material consisted of sev-
eral components. As mentioned, copper could not be
omitted for its effects, but it could be used in orders
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Fig.2 XPS spectraof C1sA,Cu2pB,Zn2pand Zn LMM D regions of nanocomposite rGO-Cu-Zn

Table 2 The concentration of copper, zinc, and boron in
nanocomposites quantified using ICP-MS

Table 3 Bacterial growth of X euvesicatoria 2594 in the presence
of nanocomposite and commercial preparation,

Sample Concentration (mg/L)

Cu Zn B
rGO-Cu-Zn 1430 1455 77
rGO-Cu 2560 - 65
rGO-Zn - 2903 127

of magnitude, smaller amounts accompanied by con-

trolled release. Copper was used as NPs because they
are more effective at lower concentrations than in bulk
due to their favourable volume-to-surface ratio. Another
part of the material represented zinc NPs. Like copper,
zinc is a naturally occurring element in plants and ani-
mals. Some microorganisms are more sensitive to zinc
and, thus, are more effective than copper in some cases
[44]. If zinc accompanies copper, they can synergise
when both elements are effective in noticeably smaller
amounts than if applied separately. The last but essen-
tial part of the study’s material was rGO, which carried

Treatment Cu content Concentration (%) Bacterial

(mgL™) growth (%)
rGO-Cu-Zn 10.07 1.50 0.00

6.71 1.00* 0.23

336 0.50 19.78

1.68 0.25 61.78
Champion 50 WG 50 0.01* 0.00

25 0.005 16.65

12.5 0.0025 62.01
Control - - 100.00

“ MIC that killed 99% of bacteria

oxygen functional groups on its surface. Copper and zinc
NPs were bonded onto GO using these functional groups
with a simultaneous reduction of GO, which resulted in
rGO. The synthesis of rGO-Cu-Zn preceded the synthe-
sis of GO by modified Tour’s method. The GO (Fig. 1A)
exhibited a typical smooth surface and large-size sheets.
The synthesis of nanocomposite included the one-step
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decoration of GO with two different metal-based NPs.
Copper and Zinc NPs were bonded onto GO from their
precursors, which were reduced by sodium borohydride
while simultaneously reducing GO to form the rGO-
Cu-Zn nanocomposite. The sheet of rGO decorated
with NPs is shown in the TEM image in Fig. 1B, and the
detailed morphology of NPs on rGO is shown in Fig. 2C.
Elemental mapping of the cutout from the TEM image
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with detailed NPs (Fig. 1D) confirmed the presence of
both types of NPs. The nanocomposites with only one
type of metal NPs were also synthesised to verify the
synergistic effect of the combination of Copper NPs and
Zinc NPs. The SEM images confirm the successful syn-
thesis of rGO—Cu (Additional file 1: Fig. S1A) and rGO-
Zn (Additional file 1: Fig. S1B). AFM topography studies
were carried out together with SEM and EDX elemental
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Fig. 3 Summarisation of the DS in the in-planta experiment A—Gene expression of tomato after the application of nanocomposite
and commercial preparation (single-factor ANOVA, p < 0.05; Tukey’s test, p < 0.05) B — ** represents the statistical difference (p <0.01) compared

with positive control of the respective analysed gene
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analysis. Figure 1E shows the topography of the nano-
composite. AFM-combined SEM (Fig. 1F) correlates
with EDX (Fig. 1G), where the fuchsia colour represents
the presence of zinc, and the green colour represents
the presence of copper. The SEM image for correlative
microscopy is in Fig. 1E. The AFM study revealed a ran-
dom distribution of powder particles ranging from 1 pm
up to 2 um in size. Ultra-fine particles of Copper and
Zinc were randomly distributed. The XRD powder dif-
fraction in Fig. 1H reveals the successful reduction of GO
because a characteristic GO peak is missing [45]. Zinc
NPs were in the expected ZnO form, and Copper NPs
were found in two forms. The first form of Copper NPs
was Cu(OH),, and the second form was Cu,[BO(OH),]
(OH); (PDF-4+,# 00-038-0595), which had been proba-
bly created due to the presence of sodium borohydride as
a reducing agent. Cu,[BO(OH),](OH); is also known as
a mineral Jacquesdietrichit. The boron residues probably
came from the reducing agent sodium borohydride, and
the boron was probably incorporated into the structure
of nanocomposites. The boron residues that could not be
removed using intensive washing with ultrapure water
were also present in all tested nanocomposites (rGO-Cu
and rGO-Zn) (Table 2). The results from ICP-MS also
show the ratio between copper and zinc in rGO-Cu-Zn
was almost 1:1.

The results from the XPS analysis confirmed the XRD
analysis results. Characteristic XPS spectra of the major
components (C 1 s, Cu 2p, Zn 2 p and Zn LMM Auger
peak) are presented in Fig. 2. The high-resolution spec-
trum reveals three peaks in the C 1 s region (Fig. 2A): a
sp? peak at 284.81 eV, a peak at 286.81 eV attributed to
C-0 and a high binding energy peak at 289.73 eV, indi-
cating C=0 group [46, 47]. As shown in Fig. 2B, the
binding energies of Cu 2p;;, (934.41 eV) and Cu 2p,,,
(954.16 eV) with two strong satellites (942.88 eV and
963.00 €V) and a difference of 19.75 eV could be attrib-
uted to the chemical state of Cu®>" in Cu(OH), [48]. Fig-
ure 2C shows the XPS spectra of the Zn 2p region. The
Zn 2p XPS spectrum exhibits the Zn 2p;, region at
1022.59 eV and the Zn 2p,,, region at 1045.70 eV with
a 23.10 eV difference. As the asymmetry of the Zn 2p;),
peak shape may vary, the analysis of Zn LMM Auger
peaks is commonly employed to identify the chemical
states of zinc species. Auger peaks tend to exhibit more
pronounced changes in shape compared with XPS peaks
due to the involvement of three electrons and many body
effects in a single Auger transition. Figure 2D presents
the characteristic Auger Zn spectrum of ZnO NPs, cen-
tred at a kinetic energy of 987.78 eV [49].
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Antibacterial properties of the nanocomposite

Bacterial growth in percentage represents the CFU num-
ber in treated variants in comparison to a positive control
(Table 3). Concentrations of rGO-Cu-Zn (0.25-1.5%)
and Champion 50 WG (0.0025-0.01%) showed strong
antibacterial activity. The results in Table 3 display the
relation between bacterial growth and the correspond-
ing copper content of both preparations. MIC for the
rGO-Cu-Zn was determined at the concentration of
1%, which corresponds to 6.71 mg Cu L% MIC for the
Champion 50 WG was defined at the concentration of
0.01% (50 mg Cu L71).

Important factors for their use in plant disease manage-
ment must be considered to develop novel antibacterial
nanomaterials. The effective antibacterial concentration
of nanomaterial should be lower than other preparations.
In the in-vitro experiment, the nanocomposite exhibited
an equivalent antibacterial activity when compared with
Champion 50 WG, but with a several times lower amount
of Cu. The evaluation of the rGO-Cu and rGO-Zn com-
ponents confirmed the synergistic effect of the Cu and
Zn contained in the rGO-Cu-Zn nanocomposite. Total
bacterial growth inhibition was observed for the rGO-
Cu-Zn (1% (w/v) dispersion), whereas the components at
the same concentration inhibited but did not eradicate all
the bacteria colonies (Additional file 1: Fig. S2).

The other factor assuming the functionality of anti-
bacterial preparation should include fast eradication of
the pathogen cells from the host tissue, preventing the
development of plant disease symptoms. Figure 3A sum-
marizes the results of in-planta experiments and the
occurrence of the BS symptoms. A decrease in the DS
was observed in both types of treatment. The median DS
for the untreated control was more than 91%. In the case
of commercial preparation, the median DS was more
than 66%. Application of the rGO-Cu-Zn significantly
decreased the occurrence of the BS symptoms, where the
DS median value was almost 34%.

Many studies deal with the antibacterial properties of
NPs in which Bacillus sp., E.coli or Staphylococcus sp. are
probably the most often used genera [50, 51]. The genus
Xanthomonas is also an often-used model bacteria, but
the antibacterial activity of the composite nanomaterials
containing copper and zinc is presented to a lesser extent.
Alswat et al. showed the antibacterial effect of zeolite
nanocomposite containing a copper oxide and ZnO con-
centration of 10 mg mL™! [52]. Jiao et al. presented the
antimicrobial activity of copper/zinc-loaded montmoril-
lonite at a concentration>300 mg L~ [53]. Ashfaq et al.
used 1 mg ml~! of carbon nanofibers decorated by copper
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and zinc NPs completely to inhibit bacterial growth [54].
Carvalho et al. published high antibacterial activity of
Cu/Zn hybrid NPs (100-500 ug mL™") against BS caused
by X. perforans on tomato plants. In the latter study, the
authors presented a reduction of BS disease severity up
to 80%. In this study’s in-planta experiment, the plants
treated with nanocomposite showed more than a 62%
reduction of DS compared with the control [55].

The negative effects are the other important factors
that should be considered. The application of the novel
preparations should not trigger the symptoms of phy-
totoxicity in the plants. Several studies refer to the ben-
efits and negatives of nanomaterials in plants [56—59].
Symptoms of phytotoxicity were reported after apply-
ing the Cu-based nanocomposites [16]. White spots or
crinkled leaves appeared on peppers treated by core—
shell Cu and fixed-quat Cu composites at concentra-
tions > 100 pg mL™. On the contrary, the mixed-valence
Cu composite and Kocide 3000 used in the same study
did not cause phytotoxicity, even at 500 pg mL™1 concen-
tration. The results of [16] are analogous to this study’s
in-planta experiment where no phytotoxicity was noticed
even after the application of rGO-Cu-Zn at a 10 times
higher dose than MIC (67,1 mg Cu-L™"), neither for the
Champion 50 WG. To evaluate the negative effect of the
rGO-Cu-Zn on the molecular level, the expression of
the genes associated with the action of abiotic and biotic
stress factors was analyzed. Gene expression in the plants
treated with 10% nanocomposite did not exhibit a notice-
able increase. The genes CAT and PRI were slightly more
expressed than the negative control. Based on the results
in Fig. 3B, certain similarities in the gene expression
profile between the negative control and treated plants
should be considered. Except for the CAT, a significant
increase in gene expression was observed in the case of
positive control.

The manifestation of the application of rGO-Cu-Zn
was very pronounced at polyphenol oxidase (POP) and
PRI, which encodes the glucan endo-1, 3-beta-D-glu-
cosidase. The expression of PRI was almost 15 times
higher, and POP was even 50 times higher in the posi-
tive control compared with the plants treated by rGO-
Cu-Zn and inoculated by bacteria. Expression of PRQb,
the sequence encoding the gene for the formation of the
basic form of beta-1, 3-glucanase class III, is more than
eight times higher. For the TomQ gene expressing the
acid form of beta-1, 3-glucanase class III, the expression
was evaluated as more than 16 times higher. The results
of gene expression are analogous to those of the previous
study [60], where no phytotoxicity was noticed after the
application of rGO—Cu-Ag nanocomposite but [61] pre-
sented phytotoxicity of GO-silver nanocomposite at the
concentration of 200 pg mL™,
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The interaction of plant cells with the nanomaterials
results in the modification of gene expression, which can
negatively involve plant metabolism, growth and devel-
opment. Changes in plant biochemical pathways depend
on the ability of the NPs to penetrate inside the plant,
which is probably one of the major factors for the interac-
tion with the cell structures [62, 63]. Moreover, the effect
of phytotoxicity can vary depending on the plant species
[64]. No phytotoxicity symptoms of the tomato plants
and no negative effect on the gene level were observed
in the study. The structure of the nanocomposite can
explain this. Copper and Zinc NPs are probably not
released from the GO matrix, keeping the effectiveness of
the nanocomposite tethered directly on the plant surface.
The hypothesis corresponds to [16], where the mixed
valence Cu composites did not demonstrate phytotoxic-
ity. Moreover, the accumulation of the GO in mesophyll
and parenchyma cells of the leaf or stem was disproved
[65]. This also complies with [66], where no phytotoxic-
ity of graphene nanocomposite GO-Fe;O, was observed
even at 1000 pg ml™' concentration. Furthermore, the
positive effects on the plant growth and development of
GO are pointed out in [67-69] or [70].

Conclusion

This newly synthesized plant protective rGO-Cu-Zn
nanocomposite consists of several components, and
each of them plays a significant role in the protection
and complements one another appropriately while all
components are naturally occurring. Currently, cop-
per cannot be omitted entirely for its effects on agri-
culture, but it is possible to apply it in several times
smaller amounts and use it more smartly. An advan-
tage of utilizing the nanocomposite is that it results in
a DS of infected plants nearly three times lower than
the control group and almost twice lower than when
using the commercial product Champion 50 WQ@G. This
study’s results indicate a reduction in the X. euvesica-
toria inoculum in tomato plants, which is consistent
with the significant antibacterial effect of the nano-
composite. Moreover, the effective amount of copper
in rGO-Cu-Zn was approximately 6.7 mg Cu L%, In
comparison, the commercial product was less effective
at approx. 3500 mg Cu L™, Furthermore, the treated
tomato plants observed no phytotoxicity or negative
effects of rGO—Cu-Zn on the gene expression. There-
fore, composite materials based on nano-carbon can be
promising in plant protection. In this study, the ability
of the synthesised rGO-Cu-Zn nanocomposite to sup-
press X. euvesicatoria has been showcased. However,
it is also essential to evaluate this nanocomposite’s
effectiveness on a broader range of bacterial and fungal
plant pathogens.
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Additional file 1: Fig S1. Scanning electron microscopy images of
reduced graphene oxide (rGO-Cu) (A), and reduced graphene oxide with
zinc nanoparticles (rGO-Zn) (B). Fig S2. The evaluation of the antibacterial
effect of the rGO-Cu and rGO-Zn components.
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