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A B S T R A C T   

The reactive oxygen species (ROS) wave plays a crucial role as an early systemic signal in nearly all environ-
mental response pathways. Engineering on ROS signaling may be a promising strategy to modulate plant sys-
temic acquired acclimation and systemic acquired resistance. Recently, artificial designed materials mimicking 
signal transduction components have attracted attention to improve plant immunity and stress acclimation. Here, 
we report the bioengineering of functional carbon nanoparticles (FCN) through their regulation on ROS 
signaling. FCN with a C:O atom ratio of 1:2.2 were synthesized by low voltage electrolysis with graphite and 
carboxyl were the main oxygen-containing groups on the surface of sp2 carbon core. The active redox properties 
resulting from the carboxyl–rich modification provided FCN superior ROS-triggering effects compared to other 
carbon nanoparticles with similar core structures but different types and quantities of surface modifications. 
Moreover, the ROS induced by FCN were quickly scavenged to homeostasis without causing accumulation and 
then leading to oxidative stress. The findings from transcriptional footprinting in Arabidopsis’s genes revealed a 
typical and quick ROS signal transduction events and also the regulation of stress responses and adaptions to 
biotic and abiotic stresses. In addition, the application of FCN to roots have been shown to promote the growth 
and development of Arabidopsis, rice and wheat, and also the yields particularly when suffering stresses. In 
summary, our findings confirmed that the ROS burst triggered by FCN modulated the balance between growth 
and defense through transcriptome reprogramming. It indicates that nano-enabled plant engineering for ROS can 
provide an economical and efficient way to promote the crops yields, especially under stress conditions.   

Introduction 

Sessile plants continuously regulate and adapt to dynamic environ-
ments that introduce a range of stress factors, including abiotic stressors 
such as variations in light intensity, extreme temperatures, high salinity, 
and physical damage, as well as biotic stressors caused by pathogens like 
bacteria, fungi, and viruses. Due to their long-term evolution, these 
stress response programs prompt plants to allocate their limited energy 
and carbon resources preferentially to defense mechanisms rather than 
growth [1]. While beneficial for a plant’s survival, active growth 

inhibition is undesirable for crop productivity. Recent studies have 
revealed the reciprocal regulation between defense signaling and 
growth signaling, commonly known as growth-defense trade-offs, which 
enables plants to reprogram growth and stress signaling at multiple 
levels, thereby reducing their sensitivity to environmental stress and 
coordinating the distribution of energy supply between growth and 
defense [2,3]. In response to environmental changes, a series of 
endogenous signals, including reactive oxygen species (ROS), various 
hormones and other signal molecules, are involved in transductions, 
along with their complex regulatory networks, which can also lead to 
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changes in the transcriptome, proteome, metabolome and physiology 
[4–6]. Increasing evidence suggests that moderate environmental stress 
can improve plant growth and that plants can overcome the inherent 
conflict between growth and fluctuating environmental stress through 
systemic acquired acclimation (SAA) and systemic acquired resistance 
(SAR) strategies [7,8]. Indeed, simulating low-level environmental 
pressure through artificial stimuli can be a highly effective strategy for 
disrupting the homeostasis of plant growth-defense signaling [9,10]. 

As key signaling molecules in plants, ROS plays an important role in 
the response to abiotic and biotic stresses. They help plants establish 
defense mechanisms and restore growth capacity by mediating stress 
perception, integrating environmental signals, and activating stress 
response pathways [4,11]. ROS wave, calcium influx, changes of 
membrane potentials and hydraulic pressure are major early signal 
events triggered by plants in response to environmental stress [12]. 
Despite the unclear mechanisms underlying their mode of action, routes 
of propagation and integration, these early signal events have been 
shown to participate in regulating whole-plant systemic responses [4], 
and can rapidly propagate cell-to-cell over long distances, sometimes 
spanning the entire length of the plant, through vascular bundles or 
apoplast in plants [12]. Among these signals, ROS wave from apoplast is 
considered an essential signal event that alerts plants to impendent 
stresses and changes their ‘normal’ growth state to a ‘stress’ state 
[11–13]. The production of ROS waves in plants is primarily attributed 
to the activity of plasma membrane-localized NADPH oxidases (NOX), 
also known as respiratory burst oxidase homologs (RBOHs) [14]. When 
plants encounter stimuli, ROS are accumulated at the apoplast, which 
can be sensed by neighboring cells. This leads to the triggering of ROS 
production in adjacent cells, resulting in a self-perpetuating cascade of 
amplified ROS production that can propagate holistically throughout 
the plant [15]. ROS waves can also be triggered by almost all kinds of 
abiotic and biotic stresses [4,16]. As a result, artificially generating ROS 
waves through stimuli and disrupting ROS balance presents a promising 
approach for promoting plant resistance, growth, and adaptability to 
their environment, through a process commonly referred to as the in-
duction of SAA and SAR within the plant [17,18]. 

Studies have demonstrated that engineered nanomaterials can 
induce an oxidative stress response in organisms, but they also hold 
promise as antioxidants for therapeutic applications in the treatment of 
various diseases [19]. Through precise engineering of the element 
composition, shape and size of the core of nanoparticles and the modi-
fication of their surface ligand, nanomedicines can induce or scavenge 
ROS in cells, thereby regulating the pathways related to oxidative stress 
and apoptosis [20]. While the exact structure-function relationship re-
mains unclear, it is apparent that structural alterations in nanoparticles 
may influence their interactions within organisms, which include hy-
drophobic interactions, electrostatic interactions, hydrogen bonds, mo-
lecular recognition and chemical redox reactions [21]. Referring to the 
application in the medical field, it could be possible to create a new 
technological revolution in agricultural production with designed 
nanoparticles to disturb the ROS balance of plant cells, thereby coor-
dinating plant growth and resistance [22]. In the field of plant appli-
cations, carbon nanoparticles present prospects for the next generation 
sustainable agriculture. Such as carbon nanotubes (CNTs) were used to 
promote seed germination, graphene oxide (GO) for fertilizers applica-
tion and crop production, and carbon dots for root and shoot growth 
promotion. [23]. However, the toxic effects of carbon nanoparticles on 
plants should also be considered [24]. The diverse effects observed are 
contingent on various factors, including plant species, growth media 
composition, type and concentration of carbon nanoparticles, as well as 
the prevailing growth conditions [25]. Emerging research revealed that 
carbon dots sourced from biomass exhibit a remarkable ability to 
eliminate ROS and enhance the tolerance of sweet potatoes to salt and 
nutrient stress. Their functions mainly originate from the modification 
on the surface of the sp2 structure by hydroxyl and carboxylation, which 
can directly quench ROS with cells [26]. Glucose-modified carbon dots 

can significantly improve the photosynthesis and yield of wheat [27], 
also by reducing reactive oxygen species generation. However, nano-
particles induced ROS as signals to regulate plant resistance and 
adaptability has not been reported. 

In order to endow carbon nanoparticles with ROS triggering ability 
at very low dosage, in this work, we develop a carboxyl–rich function-
alized carbon nanoparticles (FCN). FCN were served as low-level envi-
ronmental pressure stimulus, it triggered ROS burst and induced SAA 
and SAR, ultimately regulated growth and defense balance. Its appli-
cation in crop production may provide an economical, efficient and 
simple technical way to enhance crop adaptability to their environments 
and increase their tolerance to global climate fluctuations, thereby 
leading to more resilient crops with higher yields and benefiting both 
farmers and the global food supply. 

Results and discussion 

FCN is a functional nanoparticle modified by carboxylic enrichment on the 
surface of the sp2 carbon core 

Using graphite as raw material, we conducted carboxylic modifica-
tion on the sp2 surface by electrolysis, which is an effective method to 
obtain carboxyl functionalized carbon nanoparticles. As shown in 
Fig. S1, FCN is a light brown collosol and was synthesized by a mild 
electrochemical method compared to the previously reported methods 
[28]. The transmission electron microscope (TEM) observation shows 
that FCN are sphere-like particles with a diameter of 2–7 nm (Fig. 1a, b), 
and the spacing of the crystalline lattice is about 0.36 nm (Fig. 1a), 
indicating the formation of graphene-like structures, also known as sp2 

structure [29]. Fourier-transform infrared (FTIR) spectroscopy of FCN 
(Fig. 1c) exhibits several absorption bands corresponding to the 
different functional groups [30], including carboxyl, ester, hydroxyl, 
carbonyl and ether (Table S1). The wide absorption band of FCN, at 
about 3000 cm− 1, may come from the polymerization of –COOH, which 
strengthens the hydrogen bond force and disperses the stretching vi-
bration band of –OH in –COOH [31,32]. The sharp absorption band of 
3600 cm− 1 is attributed to the vibration of a phenolic hydroxyl group. 
The peak at 1701 cm− 1 can be ascribed to the C––O stretching of 
carboxyl, ester and carbonyl. The absorption band at 1243 cm− 1 is 
attributed to the C-O stretching of hydroxyl, carboxyl and ester. These 
oxygen-containing functional groups are more diverse than other carbon 
nanoparticles with typical sp2 structures such as CNTs (Fig. S2a) and GO 
(Fig. S2d). The main oxygen-containing functional groups on GO are 
carboxyl (1728 cm− 1), hydroxyl (3000 cm− 1, 1350 cm− 1) and ether 
(1223 cm− 1). CNTs contain fewer types of functional groups, comprising 
mainly hydroxyl (3000 cm− 1) and ether (1067 cm− 1). In addition, the 
proportion of oxygen-containing groups is also greater in FCN. X-ray 
photoelectron spectroscopy (XPS) survey (Fig. 1d) shows that FCN has a 
C: O ratio of 1: 2.2, exhibiting an extremely higher oxygen ratio than 
CNTs (1: 0.04, Fig. S2b) and GO (1: 0.07, Fig. S2e). It is also much higher 
than that reported in carbon dots [26]. The high-resolution XPS spectra 
in Fig. 1e-f show the detailed information about the carbon and oxygen 
bonds in FCN. By calculating the peak area, the relative content of the 
main groups C––C: C––O: COO: C–O was found to be 1.00: 0.60: 1.00: 
0.65. Comparatively, the relative content of C––C: COO: C–O in GO was 
observed to be 1.00: 0.15: 1.92 (Fig. S2f). CNTs contain fewer types of 
functional groups, with a C––C: C–O ratio of 1.00: 0.61 (Fig. S2c). These 
data prove that the surface of the as-prepared FCN is functionalized with 
an extremely rich carboxyl group (–COOH), which is also much higher 
than other reported carbon dots [26]. 

Since the thermal stability of the carboxyl group on the surface of the 
sp2 structure is lower than that of other groups, such as hydroxyl, we 
pyrolyzed FCN at 500 ◦C to obtain F500, which is used as a reference 
material to study the effect of carboxyl group on the surface of sp2 

structure. The FCN derivative has the same crystalline lattice of about 
0.36 nm (Fig. S3), indicating that the core structure is not changed by 
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pyrolysis, while the ratio of C: O atom in F500 decreases to 1: 0.79 after 
pyrolysis (Fig. 1g). The FTIR spectrum in Fig. 1c shows that the func-
tional groups on F500 are C––O (1569 cm− 1), C––C (1437 cm− 1), ether 
(C–O, 1116 cm− 1), and alkyl (875 cm− 1), and the relative content of 
C––C: C–O: C––O is 1: 0.47: 0.14 (Fig. 1h, i). The FTIR and XPS results 
indicate that C–O is the main oxygen-containing functional group in 
F500. 

High carboxyl ligands proportion contributes to the high redox 
activity in FCN 

The carboxyl group modification on the surface of the sp2 structure 
provides carbon nanoparticles with superoxide dismutase (SOD) -like or 
peroxidase (POD) -like activities [33]. They are often used as antioxi-
dants to inhibit the accumulation of ROS in cells or cell damage caused 
by H2O2 [34]. Although the catalytic activity of FCN is lower than that of 
biological SOD, FCN has a higher SOD-like activity under acidic condi-
tions, which can inhibit the photochemical reduction of nitrotetrazolium 
blue chloride (NBT) (Fig. 2a-c). FCN also shows very high POD-like 
activity (Fig. 2d-f). Similar to horseradish peroxidase (HRP) from bio-
logical sources, the catalytic activity of FCN has a strong pH de-
pendency, with an optimal pH value of 3.5 and 4.5, respectively. Their 
catalytic activities decrease significantly above or below the optimal pH 

value (Fig. 2d). At the optimal pH condition, the POD-like catalytic 
activity of FCN exhibits typical enzyme kinetic characteristics in 
response to the concentration of H2O2 and TMB (3,3′,5,5′ - tetrame-
thylbenzene) substrate (Fig. S4). Its affinity for TMB substrate is higher 
than that of HRP, while its affinity for H2O2 is much lower than that of 
HRP. After removing –COOH by pyrolysis, the SOD- and POD-like ac-
tivity of F500 show a sharp decrease (Fig. 2a-f). GO and CNT have 
similar structures to FCN but have lower proportions of –COOH ligands. 
Despite this difference, the SOD- and POD-like activities of GO and CNT 
are comparable to those of F500 (Fig. 2c, f). These results indicate that 
the modification on the surface of the sp2 structure with rich –COOH 
ligands is crucial for the antioxidant activity of carbon nanoparticles. 

Prior studies on the POD-like catalytic mechanism of carbon nano-
particles indicated that the O––C group might be the active site 
responsible for the catalytic activity, while the O––C–O– group might 
serve as the binding site for H2O2 [35]. FCN has rich O––C and O––C–O– 
groups, while F500, GO or CNT only has one kind of group, with low or 
zero content of carboxyl, O––C–O– and other surface modifications 
(Fig. 1i and Fig. S2c,f), which might be the structural basis for the FCN’s 
high POD-like activity. When FCN was mixed with H2O2, the FTIR 
spectrum showed that the absorption peaks at 1701 cm− 1 and 
1243 cm− 1 related to carboxyl and carbonyl groups decreased (Fig. 1c), 
indicating its reaction with H2O2. However, after the addition of H2O2, 

Fig. 1. FCN is characterized by high oxygen and functionalized by rich carboxyl groups. (a) TEM and HRTEM image of FCN. (b) Size distribution calculated 
randomly from figure (a). (c) FTIR spectra of FCN and F500 before and after reaction with H2O2. (d-f) XPS full scan spectrum, high-resolution XPS spectra of C 1 s and 
O 1 s of FCN. (g-i) XPS full scan spectrum, high-resolution XPS spectra of C 1 s and O 1 s of F500. 

Z. Guo et al.                                                                                                                                                                                                                                     



Nano Today 53 (2023) 102045

4

the FTIR spectra of GO or CNTs did not change (Fig. S2a, d), indicating 
that GO and CNT did not react with H2O2. Although the FTIR spectrum 
of F500 was found to decrease in the whole band from 800 cm− 1 to 
1700 cm− 1, its mechanism needs further clarification. 

FCN also has light-dependent oxidase activities (Fig. 2g-i). The 
reversible transformation between ABTS (2,2 ‘- Azinobis - (3-Ethyl-
benzothiazoline-6-Sulfonic acid)) and its free radical state (ABTS+) oc-
curs with the redox level of the environment, which is often used to 
detect the level of antioxidant substances [36]. Under light conditions, 
FCN can oxidize ABTS into ABTS+ to increase absorbance at 734 nm. 
The oxidization velocity was found to correlate with light density 
(Fig. 2g), while no oxidase activity occurred in dark conditions (Fig. 2h). 
Similar to the SOD- and POD-like activities, the light oxidase activity of 
FCN also prefers low pH conditions (Fig. 2h). However, the 
light-dependent oxidase activity of GO, CNT and F500 could not be 
detected (Fig. 2h, i), indicating that the light oxidase activity of FCN 
could also be related to the functionalized rich carboxyl group. 

FCN has both oxidase and antioxidant enzyme-like activities, which 
are crucial to the regulation of ROS homeostasis in cells. The enzyme- 
like activities of FCN depend on its concentration during the reaction 
(Fig. 2b, e, and Fig. S5). The SOD- and POD-like activities peaked when 
the FCN concentration increased to 60 μg/mL (Fig. 2b, e). However, the 
rate of light oxidase-like activity was still increasing even when the 

concentration of FCN increased to 300 μg/mL (Fig. S5). The dose 
dependence of FCN’s enzyme-like activities indicates that using it as an 
antioxidant to alleviate stress effects on plants may require a high 
dosage application like the reported carbon dots [26], which could also 
bring certain biosafety risks. 

Surface carboxyl modification plays a key role in ROS bursts in plants 
triggered by FCN 

To validate the disturbing effects of FCN on plant ROS homeostasis, 
ROS bursts were detected via the 2′, 7′-dichlorofluorescein diacetate 
(H2DCF-DA) fluorescence image method and Luminol chem-
iluminescence method [37] in Arabidopsis leaf. Both experiments 
demonstrated that FCN (1.5 μg/mL) triggered a rapid process of ROS 
burst in apoplasts, which lasted for approximately 45 min, with the 
highest burst value observed between 20 and 30 min following treat-
ment (Fig. 3a-d). In the roots, FCN treatment also induced the same 
pattern of ROS burst (Fig. S6). The ROS wave triggered by FCN was 
similar to that of plant immune elicitors (peaked in 10–20 min and 
eliminated in 30 min), such as Flagellin peptide (flg22) [37], N-terminus 
of the bacterial Elongation Factor Tu protein (elf18) [38], lipopolysac-
charide [39], chitins [40], etc. It suggested that FCN might also be 
recognized by receptor-like kinases/proteins (RLKs/RLPs) in the plasma 

Fig. 2. SOD-, POD-like and light-catalyzed oxidase-like activities of FCN depended on functionalized carboxyl groups. (a and d) Effects of reaction pH on SOD-like 
and POD-like activities of FCN and F500, respectively. (b and e) Comparison of SOD-like and POD-like activities of FCN and F500 at various carbon concentrations, 
respectively. (c and f) SOD-like and POD-like activity of FCN and other carbon nanoparticles lacking functionalized carboxyl groups, respectively. (g) Effects of 
photosynthetically active radiation (PAR) on the light-catalyzed oxidase-like activity of FCN. (h) Effects of reaction pH and light on the oxidase-like activity of FCN 
and F500. (i) Light-catalyzed oxidase-like activity of FCN and other carbon nanoparticles lacking functionalized carboxyl groups. 
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membrane as which of immune elicitors, thus regulating the phos-
phorylation of RBOHs, activating its oxidase activity, and forming ROS 
burst in apoplasts [4,14]. Medium-chain 3-hydroxy fatty acid (3-OH 
FA), a new type of authenticated plant immune elicitors, is recognized 
by receptor-like kinase Lipooligosaccharide-Specific Reduced Elicitation 
(LORE) [41]. The medium-length carbon chain, terminal carboxyl group 
and free-hydroxyl group at the β position are crucial for the immune 
recognition of LORE. The carboxyl and hydroxyl functional groups 
modified on the surface of the sp2 carbon core of FCN may also form this 
specific structure. It was found that the ROS wave induced by FCN was 
stronger and lasted longer than that by 3-hydroxydecanoic acid, the 
strongest in 3-OH FAs immune elicitor (Fig. 3a, b). Previous reports have 
shown that the magnitude of immune elicitors triggered ROS and 
downstream defense responses varies, depending on the concentration 
and respective immune elicitor [42,43], also the genes involved in 
RBOHD regulation [44]. Although the kinetics have not been reported 
yet, abiotic stress can also induce ROS burst [4]. FCN could induced both 
biotic and abiotic stress responses (Fig. 4, supplemental table 7). It 
indicated that FCN may simultaneously activate multiple signal trans-
duction pathways to participate in the RBOHD regulation process, which 
resulting a stronger and longer ROS burst. In addition, a comparative 
analysis of the ROS burst induced by F500, GO and CNT in Arabidopsis 

leaves revealed that neither F500 nor CNT could induce ROS burst 
(Fig. 3a). Meanwhile, GO triggered a process of ROS burst consistent 
with that of FCN, albeit with a lower intensity (Fig. 3a, b), similar to the 
results of inducing ROS burst in the roots of Arabidopsis and rice 
(Fig. S7). From the perspective of structure, both FCN and GO have 
carboxyl group modification, indicating that the carboxyl group may 
play a major role in inducing ROS burst and increasing the amount of 
carboxyl group modification could improve the intensity of the induced 
ROS burst. 

Previous study [26] found that carbon dots, modified with carboxyl 
and hydroxyl groups, can quench ROS at a concentration as high as 
1.5 mg/mL, much higher than the treatment concentration of FCN in 
this study (1.5 μg/mL). Our results showed that a high concentration of 
FCN (15 μg/mL) treatment also led to diminished ROS levels when the 
root tips of Arabidopsis and rice were treated with 10 fold gradient 
increasing concentration (Fig. S8). Conversely, lower concentrations of 
FCN (0.15 and 1.5 μg/mL) led to an accumulation of ROS (Fig. S8). 
These differences could be attributed to the strong antioxidant 
enzyme-like activity of FCN at higher concentrations (Fig. 2b,e) that can 
quickly quench the ROS induced by itself [26]. 

Although FCN has shown promise in regulating oxidative stress in 
plants, it is unclear whether the ROS burst induced by FCN may interfere 

Fig. 3. FCN-triggered ROS burst is related to functionalized rich carboxyl on the surface of the sp2 core. (a) Representative images showing ROS dynamics during 
45 mins of 3-hydroxy decanoic acid, FCN, F500, GO and CNTs application on Arabidopsis leaves. Scale bars, 50 µm. (b) Relative DCF fluorescence intensity in (a) 
(n = 9 − 17). (c) ROS burst detected by the luminol-horseradish peroxidase chemiluminescence method in Arabidopsis leaves. (d) Total photon counts calculated from 
(c) (n = 74). (e) H2O2 content after FCN spraying on leaves. (f) Representative image of the leaves stained with DAB after FCN spraying. Scale bars, 2 mm. The error 
bars in the columns represent the SEM, the columns labeled with “* *” indicate significant differences at P < 0.01, and “ns” suggests no significant difference. 
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with the cellular ROS defense system, potentially leading to ROS accu-
mulation and further oxidative stress in living organs. Therefore, further 
research is needed to investigate the potential effects of ROS accumu-
lation induced by FCN on the cellular ROS defense system and overall 
plant health. FCN was sprayed on Arabidopsis shoots, and H2O2 con-
centrations were detected in the following 4 days. The leaf H2O2 accu-
mulation (Fig. 3e,f) follows a dynamic process from disturbance to 
equilibrium, similar to the transient ROS wave. It indicated that the 
environmental pressure simulated by FCN application does not exceed 
the regulatory capacity of the ROS-eliminating system and will not 
produce continuous ROS accumulation that could lead to oxidative 
stresses. It may also be related to the fact that FCN has SOD- and POD- 
like activities, which can effectively remove reactive oxygen species. 

FCN induces typical ROS signal transduction events 

ROS wave in response to biotic and abiotic stimuli has been linked to 
local and systemic signal transduction [45]. During pattern-triggered 
immunity, plants use pattern recognition receptors to activate NOX 
and yield ROS in apoplasts [46,47], then ROS passes through the 
aquaporin of the plasma membrane in the form of H2O2 [48], causing a 
second ROS burst in chloroplasts and regulating gene expression in the 
nucleus through chloroplast retrograde signaling [4,49–51]. The 
involvement of this signal transduction process has been confirmed in 
seven indicative events [52]. RNA-Seq analysis reveals that these typical 
signal transduction events occur in the leaves of Arabidopsis after 6 h of 
FCN treatment in rhizospheres (Fig. 4a). The related gene expressions 
were regulated, including RLKs and RLPs, which can recognize external 
stimulus [45], RBOHs that participate in ROS production [14], 

aquaporin PIP1;4/PIP2.1 that allow apoplastic ROS entering into the 
cytosol [48], ROS-dependent calcium channel GLR3.3/GLR3.6 that 
control extracellular and vacuole Ca2+ entering into cytoplasm [53], 
mitogen-activated protein kinase (MAPK) module coupled with Ca2+

[50], H+-ATPase that coordinate ROS accumulation in apoplasts [54], 
PDLP5/PDLP8 regulating callose deposition on plasmodesmata [55] and 
ROS signal transduction in symplast [56], and EX1/EX2 that modulate 
chloroplast singlet oxygen [57], to affect nuclear gene expression 
(Fig. 4b-d, Table S2, Table S3). The gene expressions of RBOHD (Fig. 4e) 
and several known RLKs such as FLS2 (Fig. 4f), EFR (Fig. 4g) and CEPR1 
(Fig. 4h) were assessed by qPCR, which confirmed the reliability of the 
RNA-Seq results. GO analysis was conducted on 142 common differen-
tially expressed genes (DEGs) (Table S4, FDR<0.05) in roots and leaves 
after 6 h of FCN treatment on the plants’ roots. Our analysis revealed 
that the DEGs in response to FCN treatment were primarily enriched in 
those related to chloroplast and plastid membranes regarding cellular 
components. In contrast, genes participating in stress response and 
photosynthesis were predominantly enriched in the biological processes 
category (Fig. 4i). These findings suggest that the ROS wave induced by 
FCN can rapidly regulate the expression of genes related to its signal 
pathway. 

Laser confocal microscopy confirmed several key physiological 
processes involved in the transduction of ROS signals induced by FCN. In 
particular, we observed the binding of FCN to the plasma membrane, 
which suggests that it may be recognized by RLKs or RLPs (Fig. S9). In 
addition, we observed the influx of Ca2+ (Fig. S10), which is known to 
play a role in plant stress responses. Lastly, we observed the second 
production of ROS in chloroplasts (Fig. S11), further supporting the 
involvement of ROS in the transduction of stress signals in plants. These 

Fig. 4. FCN application on roots induces typical ROS signal transduction events in the whole plant. (a) Schematic of FCN trigger ROS and its signal transduction. (b 
and c) Gene expression of RLKs and RLPs in roots and leaves. (d) Gene expression in typical ROS signaling transduction. (e-h) Relative expression level of RBOHD, 
FLS2, ERF and CERK1. (i) Co-enrichment of GO terms in roots and leaves. CC, cell component. BP, biological process. The error bars in the columns represent the 
SEM. Columns labeled with “* *” indicate significant differences at P < 0.01. 
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results suggest that the generation of ROS wave triggered by FCN and its 
downstream regulation may have a similar mechanism to the plant 
immune recognition. 

FCN induces the up-regulation of genes involved in biotic and abiotic 
responses 

Previous studies have demonstrated that exposure to high light and 
high temperatures can trigger ROS waves, activating plant SAA and 
increasing environmental tolerance [45,58]. To study the response of 
plants to FCN, we sampled shoots from short (2 and 6 h) and long (15 
and 30 days) time rhizosphere FCN treatment in Arabidopsis (Fig. 5a). A 
total of 528, 6029, 479, and 386 DEGs were identified with significant 
regulation (FDR<0.05, |log2FC=>1) across the four sampling times. 
These results indicate a dynamic trend observed from rapid increase to 
gradual stability, and little overlap of DEGs was detected among them 
(Fig. 5b-c, Table S5). In the short-term FCN treatment, a similar pro-
portion of up-regulated and down-regulated DEGs was observed, 
whereas mainly up-regulated DEGs with few down-regulated DEGs were 
identified in the long-term treatment (Fig. 5b). Furthermore, the pro-
portion of transcription factors among the DEGs increased from less than 

10–50% or higher after long-term treatment (Fig. 5b). These upregu-
lated transcription factors primarily belong to families such as WRKY, 
MYB, NAC, HSF, bZip, bHLH and AP2/ERF (Table S6) which play crucial 
roles in regulating stress and immune response [59–61]. GO annotation 
enrichment analysis on the 4 sampling times indicated 165–266 po-
tential terms, in which biological process (BP) was found to contribute 
the most, especially in the long-term treatment (Fig. 5d, Table S7). 
Interestingly, we observed that the overlaps of the enriched GO terms 
based on the total significantly regulated DEGs were much higher than 
those of the DEGs (Fig. 5e, c). The 20 GO terms that were co-enriched at 
all four stages belong to biological processes involved in responses to 
various internal and external stimuli (pathogens, environmental stress, 
plant hormones ABA and JA etc.), and the enrichment fold increased 
gradually (Fig. 5f), confirming that FCN can continuously trigger the 
stress response of plants. Furthermore, an increasing number of genes 
involved in regulatory functions, such as regulation of defense response 
(GO:0031347), regulation of immune system process (GO:0002682), 
regulation of plant-type hypersensitive response (GO:0010363), regu-
lation of response to biotic stimulus (GO:0002831), regulation of stress 
response (GO:0080134), regulation of signal transduction 
(GO:0009966), regulation of salicylic acid-mediated signaling pathway 

Fig. 5. FCN-induced fast responses to stimulus and stress acclimation. (a) Schematic representation of the experiments conducted. Arabidopsis seedlings were 
cultivated on solid MS medium containing FCN, and leaves were sampled after 2 h, 6 h, 15 days, and 30 days for transcriptome analysis. (b) Differential expressed 
genes and transcription factors in Arabidopsis leaves during FCN application on roots. The numerals on the bars indicate the proportions of TFs in the DEGs. (c) Venn 
diagrams for the overlap of the DEGs between the different FCN treatment durations. (d) Enriched GO terms between the different FCN treatment durations. CC, MF 
and BP indicate cellular components, molecular functions, and biological processes. (e) Venn diagrams for the overlap of the enriched GO terms between the different 
FCN treating durations. (f) Co-enriched GO terms between the different FCN treating durations. The numerals in the bars represent the numbers of DEGs in the 
GO term. 
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(GO:2000031), and regulation of jasmonic acid mediated signaling 
pathway (GO:2000022), were enriched in the long-term FCN treatment 
(Table S7). These findings indicate that the plant underwent a change 
process from a rapid response to stimulus and defense response to 
regulation of these responses. In addition, FCN can induce SAA and SAR 
in plants and may subsequently modulate the growth-defense trade-off, 
leading to a rapid defense response. 

FCN application promotes plant growth and acclimation 

FCN has been demonstrated to simulate environmental stress by 
disrupting ROS homeostasis and regulating the expression of SAA and 
SAR-related genes. Consequently, FCN may coordinate both plant de-
fense and growth processes, promoting the growth and development of 
plants, particularly under conditions of environmental stress. To test this 
hypothesis, two model plants, Arabidopsis and rice, were used in the 
study. Arabidopsis growth was noticeably promoted after 15 days of 
growth, both in MS medium containing 1.5 μg/mL FCN and in soil with 
watering of 1/4 MS nutrient solution containing 1.5 μg/mL FCN (Fig. 6a, 
c). FCN application significantly increased biomass and seed yield 
(Fig. 6b,d and Fig. S13) while also promoting the absorption of various 
mineral nutrients (Fig. S14). These growth advantages are likely related 
to the strong root system (Fig. 6a). FCN triggered ROS may participated 
in this regulation, since ROS has been identified as a messenger in 
controlling plant root hair and lateral root development [62,63]. Simi-
larly, in a three-year experiment, we found that FCN application after 
transplanting rice increased biomass and nitrogen accumulation in 
natural conditions (Fig. 6e and Fig. S14c,d), and the yields were 
improved dramatically by 12.0%− 19.1% (Fig. 6f-i). When Arabidopsis 
plants were cultivated under high-temperature conditions (28 ◦C) and 
watered with FCN at a concentration of 1.5 mg/L, they exhibited higher 

tolerance levels. Specifically, biomass and seed yield increased by 44.2% 
and 51.6%, respectively (Fig. S15). FCN application in rice cultivated in 
saline-alkali soil (pH 8.55, salt 0.26%) also resulted in a doubled grain 
yield (Fig. S16). Both results indicate that the effect of FCN application 
on yield increase was more significant under stress conditions. It sug-
gests that FCN promotes plant acclimation to various stresses. Addi-
tionally, FCN was used as a seed-coating agent for wheat growth 
regulation in field conditions, resulting in a yield increase of 9.66% 
(Fig. S17). Recently, there has been increasing evidence showing that 
nanoparticles could increase stress tolerance by interfering with ROS 
generation [64] or elimination [26]. Our results showed that the effec-
tive concentration of FCN (1.5 mg/L) was much lower than in other 
studies (40 mg/L and 1.5 g/L) [26,64], while higher concentration 
could inhibit Arabidopsis growth (Fig. S18). From a biosafety standpoint, 
FCN exhibits significant regulatory effects on both plant growth and 
resistance, despite their much lower dosage requirements. These 
promising findings make FCN a strong candidate for agricultural 
applications. 

Conclusion 
In conclusion, our investigation suggests that carbon-based nano-

particles with sp2 structure and carboxyl–rich modification can serve as 
external stimuli to mimic environmental stress, inducing plants to pro-
duce ROS signal waves and acquire systemic resistance and acclimation. 
The application of these nanoparticles to Arabidopsis and rice led to 
notable improvements in growth, yield, and stress tolerance, including 
heat and salt-alkali stress. Moreover, the SAR and SAA induced by these 
nanoparticles may confer tolerance to a range of pathogens and abiotic 
stresses. Although FCN is speculated to trigger ROS waves through a 
similar mechanism to immune receptor recognition, further research is 
required to confirm the receptor-like kinase/protein that can recognize 

Fig. 6. FCN improves biomass and yields in Arabidopsis and rice. (a and b) Effects of FCN on the growth phenotype and biomass accumulation of Arabidopsis 
cultivated on MS medium. Scale bars, 1 cm. (c and d) Effects of FCN on the growth phenotype, biomass accumulation and seed yield of Arabidopsis cultivated in soil. 
Three independent experiments (EXP1, EXP2 and EXP3) were performed to investigate the growth regulation effects. (e-i) Effects of FCN on biomass accumulation, 
grain yield and rice yield components cultivated under natural conditions. MT, HD, and Ma in (e) indicate the growth stage of middle tillering, heading data and 
maturing, respectively. The error bars in the columns represent the SEM. The columns labeled with “* ” and “* *” indicate significant differences at P < 0.05, and 
P < 0.01, respectively. “ns” means no significant difference. 
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FCN. Additionally, our results suggest that in the future, through ligand 
modification on the surface of nanoparticles, we can design and syn-
thesize more efficient and targeted materials to induce more precise and 
specific resistance in plants. Same as gene editing technology, this new 
strategy could provide a stable and sustainable solution for crop pro-
duction with reduced resource inputs. 

Materials and methods 

FCN Synthesis 

FCN were prepared by an electrolysis method with some modifica-
tions. Two graphite plates (purity > 99.9%), as electrodes, were placed 
parallel with a separation of 20 cm in an electrolytic cell (3 L). Then, 2 L 
of distilled water was used as electrolyte and filled into the cell. Elec-
trolysis was conducted at a DC voltage of approximately 3.0–5.0 V with 
a constant power of 0.5 watts. During the 15-day electrolysis period, the 
surface of the graphite plate was partially corroded, and the solution in 
the cell gradually changed from light brown to black (Fig. S1). The 
collosol was filtered using filter paper, and the resulting solution was 
further filtered through a 0.22 µm PVDF filter membrane with a vacuum 
suction filter to remove the residual graphite particles. Water-soluble 
FCN were obtained with a concentration of approximately 0.3%. The 
FCN collosol was freeze-dried to yield FCN powders. The reduced FCN 
(termed F500) were synthesized via thermal decomposition in a muffle 
furnace at 500 ◦C for 30 min. 

Nanoparticles Characterization 
The micro-morphology of FCN and F500 was examined using TEM 

(JEM-1011, Japan) and HRTEM (JEM-2010, Japan). The components 
and functional groups were analyzed on the FCN, F500, GO (purchased 
from Aladdin Co., Ltd.), and CNTs (purchased from Aladdin Co., Ltd.). 
FTIR spectra were recorded in dried KBr pellets (with a sample-to-KBr 
mass ratio of approximately 1:49) using a Bruker Tensor 37 spectrom-
eter (Germany). The spectra were recorded at a range of 400–4000 cm− 1 

with 16 scans and a resolution of 4 cm− 1. XPS spectra were recorded at 
40 eV pass energy using an Escalab 250Xi spectrometer (America) and a 
monochromatic Al Kα (hν = 1486.6 eV) irradiation source at 75.0 W. 
The binding energy was calibrated with C1s= 284.8 eV. 

Plant Materials, Growth Conditions, and Treatments. The model plant 
Arabidopsis (Col-0) and rice (cultivar Yongyou4949) were used as plant 
materials. Sterilized Arabidopsis seeds were treated with 2% (v/v) so-
dium hypochlorite for 1 min and placed on 1/2 Murashige and Skoog 
(MS) medium containing 3% sucrose and 0.8% agar and kept for 3 days 
at 4 ◦C in the dark to complete the vernalization. Subsequently, the 
plants were kept in a growth chamber for 20 days of culture under a day/ 
night temperature of 24 ◦C/22 ◦C, PAR of 150 μmol m− 2 s− 1, and a 16- 
hour photoperiod. The 20-day-old Arabidopsis seedlings were used for 
various measurements, and 20-day-old Arabidopsis seedlings were 
transplanted to MS medium containing 1.5 mg/L FCN or soil in pots for 
biomass and yield evaluation. For soil culture, one week after trans-
planting to the pots, the plants were watered twice with 50 mL per pot of 
1/4 MS containing 1.5 mg/L FCN at an interval of 1 week and then 
watered with only 1/4 MS, as in the control. For high-temperature 
treatment, after twice FCN applications, the plants were transferred to 
a growth chamber with a constant temperature of 28 ◦C until 
maturation. 

For the rice experiments, the seeds were germinated at 30 ◦C for 
1 day, sown into a seedling tray, and cultured in a greenhouse. Then, the 
30-day-old seedlings were transplanted with 10 hills per tank (length ×
width × depth of 120 cm × 60 cm × 60 cm) and cultivated outdoors in 
Beijing. One week after transplanting, each tank was treated with 30 L of 
water containing 1.5 mg/L FCN and 20 g of compound fertilizer. 
Throughout the growth period, a 1 cm water layer was maintained, and 

15 g of urea was added to each tank just before heading. 

Detection of ROS burst. ROS-sensitive probe H2DCF-DA (Sigma-Aldrich) 
was used to visualize ROS burst in cells using LSM750 confocal laser- 
scanning microscope (Carl Zeiss AG, Germany). The first round of 
fully expanded leaves and root segments (1.5 cm) of the 20-day-old 
Arabidopsis or root segments (1.5 cm) of 7-day-old rice seedlings were 
dipped in sterile deionized water with 1 μg/mL H2DCF-DA for 20 min at 
room temperature in the dark, cleaned with sterile water thrice to 
remove H2DCF-DA attached, and incubated with 1.5 μg/mL of FCN, 
F500, GO, CNT and 3-FA (Aladdin). The time course (5, 15, 25, 35 and 
45 min) of ROS-dependent green fluorescence (excitation at 488 nm and 
emission at 501–550 nm) was recorded, and the images were taken at 
the same settings and exposure time. The Image-J software was used to 
quantify the relative fluorescence intensity. 

ROS burst was recorded using the luminol-based approach with 
TriStar2S LB 942 multimode reader (BERTHOLD Technologies, Ger-
many). The first round of fully expanded leaves of 20-day-old Arabi-
dopsis, which were about 5 mm in diameter, were collected and dipped 
in sterilized water in the dark for 4 h and replaced with deionized water 
every 30 min. Then, the leaves were transferred to 96-well plates and 
floated in 200 μL sterilized water for 30 min. Lastly, the water was 
replaced with a solution containing 30 μg/mL luminol (Sigma-Aldrich), 
20 μg/mL HRP (Sigma-Aldrich) and 1.5 μg/mL FCN. Luminescence was 
detected for 60 min with a signal integration time of 60 s 

Detection of ROS in chloroplasts. Protoplasts were used to visualize ROS 
in chloroplasts. Arabidopsis protoplast extraction was prepared using a 
plant protoplast preparation and transformation kit (Real-Times 
Biotechnology, Beijing, China) following the manufacturer’s protocol. 
The protoplast was dipped in sterile deionized water with 1 μg/mL 
H2DCF-DA for 5 min. Then, 1.5 μg/mL FCN was added, and the fluo-
rescence signal was monitored within 0–40 min. The excitation wave-
length was 488 nm. ROS-related fluorescence at 501–550 nm and 
chlorophyll autofluorescence at 640–735 nm were detected using an 
LSM750 confocal laser-scanning microscope. The Image J Colorization 
Finder plug-in was used to co-locate DCF and chloroplast spontaneous 
fluorescence. 

Visualization of Ca2 + influx. The first round of fully expanded leaves of 
20-day-old Arabidopsis was incubated in a growth chamber at 150 μmol 
m− 2 s− 1 light intensity in pretreatment buffer (50 mM KCl, 1 mM CaCl2, 
10 mM Tris-HCl, pH 7.5) for 2 h. Then, the leaves were washed several 
times with distilled water and suspended in 10 mM Tris-HCl buffer (pH 
6.1) containing 18 μM Ca2+ fluorescent probe Fluo-3 AM in the dark for 
20 min. Lastly, these samples were rinsed and incubated in 1.5 μg/mL 
FCN for 30 min, and green fluorescence was recorded using an LSM750 
confocal laser-scanning microscope. 

Visualization of FCN. The fluorescent probe fluorescein-5-isothiocyanate 
(FITC, Sigma-Aldrich) was labeled on FCN according to the reported 
method with minor modifications [65]. Then, 3 mg FITC was dissolved 
in 2 mL 50% (v/v) DMSO and was gradually added into 10 mL FCN with 
stirring at room temperature. The reaction solution was stirred contin-
uously in the dark for 8 h and centrifuged using in 35 kDa ultrafiltration 
cube at 30,000 g for 15 min. The intercepted component, which was 
FCN tagged with FITC (FITC-FCN), was dissolved with an equal volume 
of water. FITC-FCN and FITC were added into Arabidopsis protoplasts, 
respectively. In addition, the first round of fully expanded leaves of 
20-day-old Arabidopsis were soaked in FITC-FCN or FITC and vacuumed 
for 15 min. Then the leaves were rinsed by distilled water. FCN’s loca-
tion in the cell was recorded using an LSM750 confocal laser-scanning 
microscope. The Image J Colorization Finder plug-in was used to 
co-locate FITC-FCN and chloroplast spontaneous fluorescence. 
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Detection of H2O2. Here, 20-day-old Arabidopsis seedlings were trans-
planted into soil and cultured for 2 weeks. At noon, when the H2O2 
reached their peak of the diurnal rhythm, they were sprayed with the 
same amount of deionized water or water containing 1.5 μg/mL of FCN. 
Then, the leaves were collected at the same position after 1/2/3/4 days 
after treatment. The content of H2O2 in the leaves was determined using 
the titanium sulfate method [66] with an EVOLUTION 220 spectro-
photometer (Thermo, USA)⋅H2O2 was visualized by DAB staining, and 
images were taken using the Discovery V8 stereo microscope (Carl Zeiss 
AG, Germany). The intensity of DAB-staining was evaluated by Image J 
software. 

Detection of enzyme-like activity of nanoparticles. SOD-like activities of 
nanoparticles were assessed based on the competition of nitroblue 
tetrazolium (NBT, Amresco) reduction. The inhibition rate of NBT 
oxidation to formazan was used to describe the SOD activities. Unless 
otherwise stated, the assays were conducted at room temperature with a 
30 μg sample of nanoparticles (FCN, F500, GO, and CNT) or 25 ng of 
CuZnSOD (Sigma-Aldrich) in a 2 mL reaction. 

Unless otherwise stated, the POD-like activities of nanoparticles were 
carried out at room temperature in a 1 mL reaction buffer (0.2 M NaAc, 
pH 3.5) containing 10 mM H2O2 and 1 mM TMB (Sigma) with 30 μg of 
nanoparticles or 20 ng of HRP (Sigma). Once the nanoparticles or HRP 
were added, a time scan of the OD at 653 nm was conducted by the 
EVOLUTION 220 spectrophotometer. The POD-like activities of FCN is 
much lower than HRP. To avoid the great difference in the data 
dimension, one unit of the POD-like activity was defined as an OD653 
increase of 0.1 per minute in 1 mg of nanoparticles or 1 μg of protein for 
FCN and HRP, respectively. To investigate the kinetic characteristics of 
FCN, the assays were performed by changing the TMB concentrations at 
a fixed H2O2 concentration or vice versa. 

To assess light-dependent oxidase-like activity, a 1 mL solution of 
0.2 M NaAc (pH 3.5) containing 30 μg FCN and 5 mM ABTS was exposed 
to various light intensities (10, 50, 200, 500, 1000, 2000 μmol m− 2 s− 1) 
for 20 min and then scanned at a wavelength range of 500–900 nm 
using an EVOLUTION 220 spectrophotometer. To evaluate the pH 
response of the oxidase-like activity of FCN and F500, the NaAc buffer 
was replaced with distilled water, and the pH was adjusted by adding 
HCl or NaOH, while the light intensity was kept at 1000 μmol m− 2 s− 1. 
The ODs at 734 nm were recorded. The light-dependent oxidase-like 
activities of different nanoparticles were assessed at pH 4 and 7 in water 
containing 30 μg nanoparticles and 5 mM ABTS, and the light intensity 
was set at 1000 μmol m− 2 s− 1. 

RNA-Seq analysis. 20-day-old Arabidopsis seedlings were transferred 
to either MS medium (mock) or MS medium supplemented with 1.5 μg/ 
mL FCN and then cultivated as described above. Then, the leaves were 
collected at 2 h, 6 h, 15 days, and 30 days after the treatment. For each 
treatment and time point, leaves from 3 different plants were collected 
together as a replicate, and five biological replicates were collected. 
Samples were frozen and ground in liquid nitrogen. Total mRNA was 
extracted using Trizol reagent (Invitrogen) and shipped to BerryGe-
nomics for library construction and sequencing. Briefly, RNA was pu-
rified using an RNeasy MinElute Cleanup kit (QIAGEN) and the quality 
was examined on the NanoDrop 2000 (Thermo Scientific) and Bio-
analyzer 2100 system (Agilent Technologies). RNA library was con-
structed using the NEBNext Ultra RNA Library Prep Kit for Illumina 
(NEB) with 1 mg RNA per sample. Then, the constructed library was 
inspected with Qubit 2.0 Fluorometer (Life Technologies) and Bio-
analyzer 2100 system. Sequencing was performed on the Illumina Hiseq 
platform (2 ×150-bp read length). Then the raw reads were cleaned up 
and aligned to the Arabidopsis reference genome (TAIR10). Gene- 
expression levels were calculated using the fragments per kb of tran-
script per million fragments mapped reads (FPKM) method. Differential 
expression genes with FDR< 0.05 and |log2(fold change)|> 1 were 
screened using the DESeq2 software. Gene Ontology (GO) enrichment 

online analyses were conducted using PANTHER (http://pantherdb. 
org/), and GO terms with FDR< 0.05 were screened. 

For RT–qPCR gene expression analysis, one microgram of RNA was 
used for reverse transcription using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo Scientific). Real-time qPCR analysis was per-
formed using the Talent qPCR PreMix (SYBRGreen) Kit (Tiangen) on an 
ABI Quant Studio6 real-time machine (Bio-Rad). The Arabidopsis EF 
gene was used as the reference gene for normalization. Primer sequences 
for quantitative PCR are listed in Supplementary Table 2. 
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