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FezO4 nhanozyme as a novel plant growth
promoter for enhancing salt tolerance in
cucumber seedlings: integrated analysis of growth
physiology and transcriptional metabolism

Dan Xu, @+2 Bin Sheng;1?° Zhi-Hao Lin,? Xiao-Bin Wen,?® Xue-Ling Ye,*°
Zhi-Yong Liu,” Ge Chen,? Jun Lv,? Dong-Hui Xu,*? Lin Qin,?
Xiao-Min Xu® and Guang-Yang Liu (2*?

Salt stress is one of the most significant factors limiting the output and quality of cucumber. The
emergence of nanomaterials offers a new approach for overcoming the current limitations in non-
biological stress management and achieving high-yield agriculture. Herein, we develop a PEG-modified
FezO4 nanozyme (FNPs-G) and investigate its effect on the salt tolerance of cucumber seeds and seedlings.
The results showed that FNPs-G significantly increased the germination rate by approximately 50% and
promoted embryonic root growth (7.2% increase). Under salt stress, the foliar application of FNPs-G
enhanced salt tolerance by increasing POD and CAT activities (38% and 17.4%, respectively), elevating
proline (54.6%) and soluble sugar (3.13-fold) levels, and reducing H,O, (24.6%) and MDA (33.8%)
accumulation. The results of transcriptional and metabolic analyses indicate that the foliar application of
FNPs-G can further
phenylpropanoid biosynthesis, and steroid biosynthesis. It also significantly facilitates tyrosine and arginine
and

mitigate salt stress in cucumber by enhancing phenylalanine metabolism,

biosynthesis and upregulates the expression of genes encoding intracellular hydrolases

oxidoreductases, thereby maintaining cellular homeostasis. This study provides a theoretical and
mechanistic basis for future investigations into the potential effects of FNPs-G during the fruiting stage and
their influence on fruit quality under saline conditions.

Significant progress has been made in regulating plant metabolism and enhancing resistance to salt stress using FeOx nanoparticles, whose properties
enable effective regulation of the intracellular redox state and scavenging of accumulated ROS in plants. In this study, PEG-modified Fe;0, nanozyme
(FNPs-G) were successfully synthesized. This modification not only reduced the particle size but also improved their dispersibility. This study confirmed

that under salt stress conditions, FNPs-G also promote the growth and development of seedlings by enhancing the activity of antioxidant enzymes, reducing
the levels of H,0, and MDA, and effectively improving the salt tolerance of cucumber seedlings. These findings provide valuable insights into sustainable
agricultural practices in saline-alkali environments.

1. Introduction

production in China and severely constrains the growth,
development, and yield quality of cucumber.” Currently, the

As one of the horticultural crops with the largest cultivation
area in China's protected agriculture, cucumber holds
significant economic value. However, the progressively
worsening issue of soil salinization® poses a significant threat
to the sustainable development of food and horticultural
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application of gene-editing technology to enhance stress
tolerance shows significant promise. However, the lengthy
research and development cycle, high costs, and concerns
regarding the environmental and safety implications of
genetically modified foods have collectively contributed to
relatively sluggish progress in this area.>* Therefore, it is
urgent to develop critical strategies for improving agricultural
productivity in salinized regions.

Reactive oxygen species (ROS) are by-products of plant
aerobic metabolism. Salt stress can induce homeostatic
imbalance in cucumber plants, leading to the substantial
accumulation of ROS, which disrupts normal metabolic

This journal is © The Royal Society of Chemistry 2026
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processes, causes oxidative damage to plant cells, and may
even trigger programmed cell death, thereby significantly
affecting the growth and development of cucumber.>®
Therefore, maintaining the homeostasis of ROS in plants is
crucial for enhancing plant stress tolerance. Under these
circumstances, nanomaterials (NMs) exhibit considerable
potential for application in agricultural production and for
mitigating oxidative damage induced by abiotic stresses.”®
This is attributed to their advantages such as low preparation
cost, high catalytic activity, good environmental compatibility
and the ability to simulate the function of antioxidant
enzymes.” For instance, Lu et al'® applied synthesized
Mn;0, NPs to cucumber under salt stress conditions, which
significantly enhanced the photosynthetic pigment content,
net photosynthetic rate, and biomass accumulation in the
cucumber leaves. Furthermore, oxidative stress in cucumber
was effectively mitigated by strengthening the defense
capability of endogenous antioxidants within the plants.

Nanozymes are a class of substances that integrate the
characteristics of nanomaterials with catalytic functions.
Compared to traditional enzyme catalysts, nanozymes exhibit
remarkable advantages, including high stability and catalytic
efficiency, low cost, and scalable production.’"'* Moderate
levels of Fe are conducive to the growth and development of
cucumber plants. Additionally, Fe serves as a cofactor or
activator for several key enzymes and proteins, playing a
crucial role in maintaining redox homeostasis in plants."
Beyond its nutritional role, Fe;O, nanoparticles possess a
mixed-valence Fe’*/Fe*" inverse spinel structure that enables
rapid electron transfer through reversible redox cycling. This
structural feature forms the physicochemical basis for their
intrinsic peroxidase (POD)- and catalase (CAT)-like catalytic
activities."" The Fe*'/Fe*" redox couple facilitates electron
donation and acceptance during H,0, decomposition,
allowing Fe;O, nanoparticles to directly participate in ROS
scavenging reactions rather than solely activating
endogenous antioxidant enzymes.'” Nano FeOx represents
the first identified inorganic nanozyme with mimetic enzyme
catalytic function. Its properties enable effective regulation of
the intracellular redox state, scavenging of accumulated ROS
within plants, and mitigation of cellular damage.'® Since the
initial discovery of Fe;O, NPs with intrinsic POD and CAT
activities in 2007, as well as their extensive validation and in-
depth investigation, Fe;O, NPs have effectively addressed the
limitations of natural enzymes in practical applications.
Moreover, their catalytic activity surpasses that of other FeOx
nanoparticles, such as y-Fe,O; and o-Fe,03.7

Despite the promising catalytic and nutritional properties
of Fe;0, nanoparticles, previous plant studies have primarily
focused on physiological outcomes such as growth promotion
and antioxidant enzyme activity enhancement, while the
molecular regulatory mechanisms underlying nanoparticle-
mediated salt tolerance remain poorly understood.'® In
addition, the effects of surface modification strategies, on
nanoparticle stability, plant uptake, and enzymatic function
under salt stress conditions have not been systematically
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investigated.'”*° However, the agglomeration of Fe;0, NPs
(FNPs) not only diminishes their absorption and transport
efficiency in plants but may also modify their enzymatic-like
functional activities. Surfactants are a class of compounds
characterized by a unique amphiphilic molecular structure.
They modify the size, structure, and surface charge of Fe;0,
NPs via mechanisms such as adsorption or electrostatic
interaction, thereby enhancing their dispersion and
stability.21 For instance, the modification of Fe;O0, NPs with
polyethylene glycol (PEG) or polyethyleneimine (PEI) can
substantially enhance their dispersion, stability, and
biocompatibility in both aqueous and organic phases. This is
critical for facilitating their transport and uptake in
plants.”**® The understanding of Fe;O,-plant interactions
remains in its infancy, and more comprehensive insight into
the biological effects of Fe;O, NPs on plants is essential for
their future agricultural applications.

In this study, PEG-modified Fe;O, nanozyme (FNPs-G)
were successfully synthesized, and their synthesis process is
illustrated in Scheme 1. The nanoparticles
systematically characterized to evaluate how surface
engineering influences their catalytic behavior and biological
performance. We compared different modification strategies
and identified PEG as the optimal interfacial regulator for
enhancing the stability and bioavailability of the
nanoparticles.  Using an  integrated  physiological,
transcriptomic, and metabolomic framework, we further
elucidated the coordinated regulation of phenylpropanoid
biosynthesis, amino acid metabolism, and steroid
biosynthesis pathways in response to FNPs-G under salt
stress. These findings extend the current understanding of
nanozyme-plant interactions beyond single-parameter
physiological observations and provide mechanistic insight
into how surface-engineered nanozymes function as redox
modulators in crops.

were

2. Materials and methods
2.1. Materials

All chemical reagents used in this study were of analytical
grade and used as received without any further purification.
Ferrous chloride hexahydrate (FeCl;-6H,0), ammonia
(=28%), and trisodium citrate (CA) were purchased from
Shanghai McLean Biochemical Reagent Co., Ltd.; Ferric

a . Co-precipitation b ‘Two-step synthesis
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Scheme 1 (a and b) Flow chart of the preparation of Fe3O4 and FNPs-

G. (c) Schematic of FNPs-G.

Environ. Sci.: Nano, 2026, 13, 2092-2111 | 2093


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5en00970g

Open Access Article. Published on 24 Maart 2026. Downloaded on 2026-06-11 10:51:54 vm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

sulfate heptahydrate (FeSO,-7H,0) was purchased from
Xilong Scientific Co., Ltd.; PEG-6000 was acquired from
Shandong Keyuan Biochemistry Co., Ltd.; and sodium
chloride (NaCl) and anhydrous ethanol were sourced from
Sinopharm Chemical Reagent Co. Ltd. The kits for
determining  physiological and biochemical indices,
including root vigor, superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), glutathione (GSH), hydrogen peroxide
(H,0,), total antioxidant capacity (T-AOC), proline (Pro),
malondialdehyde (MDA), and soluble sugar, and phosphate-
buffered saline (PBS) tablets were purchased from Beijing
Solarbio Technology Co., Ltd. Deionized water was prepared
using a laboratory ultrapure water system (model Milli-Q
Advanta). The cucumber variety ‘Zhongnong 18 was provided
by the Institute of Vegetable and Flower Research, Chinese
Academy of Agricultural Sciences (CAAS).

2.2. Preparation of FNPs-G nanozyme

The synthesis of magnetite FNPs was carried out using a
modified chemical co-precipitation method, following the
procedure described in previous studies.”* Briefly, 1.2 g of
FeCl;-6H,0 and 0.7 g of FeSO,-7H,0 were dissolved in 10 mL
of deionized water and subsequently mixed thoroughly by
ultrasonication. The resulting solution was filtered through a
0.22 upum filter membrane and diluted with 240 mL of
deionized water. Under magnetic stirring at 80 °C for 30 min,
10 mL of ammonia was added dropwise. After an additional
15 min of stirring, 0.1 g of CA was introduced, and the
reaction was terminated for 30 min. The mixture was cooled
to room temperature, magnetically separated, and repeatedly
washed with ethanol and deionized water to remove residual
salts. Large aggregates were eliminated by centrifugation at
9000 rpm for 10 min (repeated several times), and the final
product was resuspended in 30 mL of deionized water.

Next, the FNPs were coated with PEG-6000. Specifically, 10
g of PEG-6000 was dissolved in 100 mL of deionized water
and magnetically stirred at 60 °C for 30 min. The pre-
synthesized FNPs were added and stirred for 10 min, and the
large particles were removed by magnetic separation several
times and fixed in 30 mL with deionized water. Scheme 1c
illustrates the mechanism of coating PEG-6000 on the surface
of the FNPs. Finally, the mass concentration of FNPs and
FNPs-G in 1 mL of suspension was calculated.

2.3. Characterization

The size and morphology of the nanoparticles were
characterized by scanning electron microscopy (SEM, SM-
6300, Japan) and transmission electron microscopy (TEM,
JEM1200EX, Japan). Their hydrodynamic diameters and zeta
potentials were measured using a nanoparticle sizer.
Qualitative and quantitative information on the molecular
functionality of FNPs, including intramolecular functional
group details, was obtained via Fourier-transform infrared
spectroscopy (FTIR, Nicolet iS10, USA). Structural and
morphological information of Fe;O, NPs was determined
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using an X-ray diffractometer (Bruker D8 Advance, Germany),
which exploits the diffraction interaction between X-rays and
crystalline materials. The magnetic properties of the solid
samples were evaluated under an external magnetic field of
+10 kOe using a vibrating sample magnetometer (VSM)
system integrated with a superconducting quantum
interference device (SQUID-VSM, MPMS-3, USA).

2.4. Experimental treatment

Seed soaking treatment: Based on previous experience,
cucumber seeds were subjected to FNPs-G treatments at
concentrations of 50 mg mL™, 100 mg mL ™", and 200 mg
mL™". Specifically, 25 seeds were placed in a petri dish
containing 6 mL of the treatment suspension. For the control
group, deionized water was used as a substitute for the FNPs-G
suspension. The petri dishes were incubated in a thermostatic
shaker maintained at 25 °C and 100 rpm for 24 h. Following
the incubation period, the treated seeds were thoroughly
washed three times with deionized water to remove residual
FNPs-G. Subsequently, the moistened seeds were evenly
distributed on filter paper in a germination box and transferred
to a constant-temperature light incubator (25 °C + 1 °C) under
dark conditions for 5 days. Deionized water (1-2 mL) was
replenished every 24 h to maintain humidity.

Foliar spraying treatment: A concentration of 50 mg mL™"
FNPs-G was employed as the treatment condition for foliar
spraying. A salt concentration of 100 mM was selected for
stress treatment, consistent with the majority of experimental
studies investigating the effects of salt stress on plant
growth.>® Preliminary salt concentration gradient experiments
confirmed that 100 mM NaCl represents a moderate stress
level for cucumber seedlings (Table S2, SI). Cucumber
seedlings were cultivated using the slant plate nursery method,
as detailed in the experimental protocol.”® Upon cotyledon
unfolding, healthy and uniformly growing seedlings were
selected and transplanted into 6-well black hydroponic boxes.
The seedlings were subsequently grown in a 1/2-strength
Hoagland's nutrient solution until they reached the two-leaf-
one-heart stage. Once the cucumber plants reached the three-
leaf-one-heart stage, they were subjected to NaCl stress
treatment. Tap water without NaCl was used as the control
treatment. Subsequently, different foliar spray treatment
solutions were formulated as follows: (1) a control solution
consisting of deionized water containing 0.02% Tween 20 and
(2) an FNPs-G treatment solution containing 50 mg mL™"
FNPs-G with 0.02% Tween 20. Cucumber seedlings subjected
to NaCl stress were acclimatized under low-light conditions for
3-4 h before being foliar-sprayed with the FNPs-G treatment.
Specific procedures: the control solution and FNPs-G solution
were separately loaded into spray bottles. During spraying, the
foliage was uniformly moistened by applying the solutions
using the spray bottles. Under light conditions, the solution
was sprayed onto the underside of cucumber leaves until it
dripped off. Foliar spraying was performed once daily for 5
consecutive days.

This journal is © The Royal Society of Chemistry 2026
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2.5. Quantitative analysis of Fe content in cucumber
endosperm

To estimate the extent of Fe;O, uptake, twenty cucumber
seeds were treated with 200 mg mL™ FNPs and FNPs-G for
24 h and washed and subsequently dissected to separate the
seed coat from the endosperm using a razor blade. The
endosperm was ground in liquid nitrogen and transferred to
a nitrification tube, where it was digested by adding 6 mL of
concentrated nitric acid and incubated at 95 °C for 2 h. The
resulting solution was diluted with deionized water and
adjusted to a final volume of 25 mL. The Fe content in the
samples was quantified using an inductively coupled plasma
optical emission spectrometer (ICP-OES).

2.6. Magnetic resonance imaging (MRI) of cucumber seeds

MRI tests were performed in the Magnetic Resonance
Laboratory of the Center for Analysis and Testing at Tsinghua
University. Treated and control seeds were loaded into
identical MRI tubes (at least 20 seeds per treatment) and
examined simultaneously to minimize potential instrumental
variability and to emphasize differences attributable to the
presence of NPs. The seeds were dissected into seed coat and
endosperm using a razor blade. A sponge sheet was used to
physically separate the treated and control seeds. The control
seeds were marked with one corner removed for easy
differentiation during analysis.

2.7. Germination analysis and plant growth assessment

Seeds treated with varying concentrations of FNPs-G were
uniformly placed in germination cassettes containing two
layers of filter paper and grown under dark conditions for 5
days to evaluate the exposure of embryonic roots and
germination performance. Germination was recorded when the
radicle length equaled the seed length, with counts beginning
on the second day. Photographs were taken daily for 5
consecutive days. To evaluate root elongation in cucumber
seedlings following FNPs-G treatment, images of 5-day-old
seedlings grown on an inclined plate were captured.

The height of the cucumber plants was measured with a
ruler. Representative leaves were excised using scissors, and
leaf images were captured using a leaf scanner. The total leaf
area was subsequently determined using a leaf analysis
system. Fresh and dry weights of the leaves were measured
using an electronic balance. The representative cucumber
leaves were collected, placed in aluminum foil bags, rapidly
frozen in liquid nitrogen for 5 minutes, and subsequently
stored at —80 °C for subsequent analysis.

2.8. Quantitative determination of nutrient element
concentrations in cucumber leaves

Fresh cucumber leaves were excised and thoroughly rinsed to
remove residual dust and the treatment solution from their
surfaces. After blotting dry with filter paper and measuring
their fresh weight, the leaves were transferred to a
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nitrification tube, followed by the addition of 6 mL of
concentrated nitric acid for digestion. The tubes were
incubated at 95 °C for 2 h. The resulting digest was diluted
with deionized water and adjusted to a final volume of 25
mL. The ICP-OES instrument was calibrated using standard
solutions, and the signal intensities of the elements were
recorded. A standard curve was constructed based on the
relationship between absorption intensity and concentration
of the standard solutions. Using this calibration curve, the
recorded absorption intensities of the samples were
converted into the corresponding elemental concentrations.
Based on these calculations, the content of metal elements in
the cucumber leaves was determined. Each treatment group
was replicated three times, and the data were subjected to
statistical analysis.

2.9. Methods for determining physiological indicators in
cucumber

Root vigor, H,0, content, SOD activity, POD activity, CAT
activity, GSH content, MDA content, Pro content, and soluble
sugar content of cucumber seedlings were measured using a
micro-assay method. The assay kits were procured from
Beijing Solarbio Technology Co., Ltd., and all operations were
conducted strictly in accordance with the manufacturer's
instructions. Absorbance values were measured using a
microplate reader, and the content values for each index were
calculated based on the sample mass formula provided for
96-well plate assays.

2.10. Transcriptomic and metabolomic analyses of
FNPs-G-regulated salt tolerance in cucumber

The second true leaves of cucumber in both the control and
groups were wrapped in aluminum foil,
snap-frozen in liquid nitrogen, and subsequently
transferred to a sealed bag. A total of 16 samples,
representing four different treatments, were then shipped to
Wuhan Maiwei Metabolic Biotechnology Co., Ltd. for further
analysis. The specific assay methods for transcriptome and
metabolome analyses are provided in the SI.

Transcriptomic sequencing was performed on the leaves
of cucumber seedlings to identify functions of Gene Ontology
(GO) terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways enriched and annotated by differentially
expressed genes (DEGs). Non-targeted metabolomics analysis
was employed to screen for differential metabolites (DAMs)
and annotate the associated KEGG pathways. Through
integrative analysis of transcriptomics and metabolomics
data, key metabolic pathways and critical genes were
identified, with the aim of elucidating the molecular
mechanisms underlying the response of FNPs-G to salt stress
in cucumber plants.

treatment

2.11. Statistics and reproducibility

All the above-mentioned experiments were conducted with

three replicates to minimize errors. The data were
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summarized and analyzed using Excel, and the
significance of differences was evaluated by one-way
ANOVA using SPSS software.

3. Result

3.1. Characterization of Fe;0, nanozyme

Owing to the magnetic dipole interactions and van der
Waals forces of the magnetic nanoparticles,” SEM and
TEM analyses revealed that both FNPs and FNPs-G
exhibited uniform sizes, spherical morphologies, and good
stability with diameters ranging from 15 to 20 nm. In
aqueous solutions, these particles aggregated into clusters
(Fig. 1a and b, respectively). PEG can form a protective
layer on the surface of NPs, effectively preventing their
aggregation. As clearly demonstrated in Fig. 1c and d,
PEG-modification of FNPs significantly reduced the
hydrodynamic diameter and altered the surface chemistry
of the particles. Additionally, preliminary experiments
confirmed the POD-like activity of the prepared FNPs and
FNPs-G  (Fig. S1). Comprehensive  physicochemical
characterization data, including hydrodynamic diameter,

View Article Online
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zeta potential, and UV-vis spectra of FNPs modified with CA,
PEG, PEI, and CTAB, are presented in Fig. S7-S14 (SI).

FTIR spectroscopy was employed to identify the functional
groups of the materials, and several characteristic absorption
peaks were observed in the obtained spectra (Fig. 1e). Both
FNPs and FNPs-G exhibited an Fe-O bond absorption peak at
577 cm™, corresponding to the vibrational mode of Fe**-0 in
the tetrahedral position. The absorption peak near 1400 cm™
is typically associated with the bending vibration of the ether
bond (C-O-C) in the PEG molecule and constitutes part of
the characteristic PEG peaks, confirming the successful
surface modification of Fe;O, NPs with PEG. The intensity of
the C=O absorption peak for FNPs-G was significantly
reduced in the range of 1620-1630 cm™', indicating the
interaction between Fe;O, NPs and PEG.*® The absorption
peak near 3400 cm™" corresponds to the stretching vibration
of the O-H group, which reflects the hydrophilic nature and
ease of binding of PEG. The weak absorption peak at 2877
em™ is attributed to the vibration of the C-H group.”® The
presence of the C-H group is due to binding between FNPs
and CO,-free molecules in the atmosphere, suggesting the
surface modification of FNPs by PEG-6000.
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The XRD results (Fig. 1f) confirm that the prepared
material exhibits a single-phase cubic spinel structure,
indicating a stable crystal lattice with no detectable impurity
phases. The positions and relative intensities of the
diffraction peaks are consistent with the standard XRD
database for magnetite (Fe;0,). Based on JCPDS No. 19-0629,
the planar indices are expressed as (111), (220), (311), (400),
(422), (511) and (440).*° However, the diffraction peak angles
exhibit a slight shift, probably because the interaction of PEG
in the process for the modification of Fe;O, may introduce
stresses and strains on the surface of the particles. This
phenomenon may result in a reduction in grain size.
According to Bragg's law, a decrease in grain size leads to an
increase in interplanar spacing, causing the diffraction peaks
to shift toward higher 26 angles.

We further evaluated the magnetic properties of the
samples at room temperature. As depicted in Fig. 1g, the
curves confirm that both FNPs and FNPs-G exhibit
superparamagnetic behavior. Specifically, in the absence of
an external magnetic field, the net magnetic moment is
zero, while under an applied magnetic field, the magnetic
moments rapidly align, resulting in high initial permeability
and specific saturation magnetization. Additionally, it can
be seen that all the samples are categorized as soft
magnetic. This is due to the fact that the resulting
hysteresis curves have a narrow region (coercivity <132 Oe)
and a symmetrical reverse sequence when subjected to an
external magnetic field.*!

3.2. Surface interactions and uptake of Fe;0, nanozyme in
cucumber seeds

To investigate the effects of FNPs on the structure of
cucumber seed coats and their internalization, we conducted
SEM analyses after treating the seeds with two different
suspensions for 24 h. The results revealed that Fe;O,
significantly altered the epidermal structure of the seed coat
(Fig. 2). SEM images demonstrated that the surface of the

Ctrl

FNPs

FNPs-G

Cell wall

Surface of the seed Inside the seed coat Seed endosperm

Fig. 2 Scanning electron micrographs of untreated seeds (a-d) and
seeds treated with 200 mg mL™ FNPs (e-h) and FNPs-G (i-) for 24 h.
Seed surface, cell wall, inner seed coat, and seed endosperm, from left
to right. Scale bars: (a, e, i) 1 mm; (b, f, j) 100 um; (c, g, k) 5 um; and (d,
h, 1) 2 um.
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cucumber seed coat transitioned from smooth to spiculated
following treatment with FNPs. Additionally, notable changes
were observed in the cell wall morphology. Notably, FNPs-G
induced fewer alterations in the seed coat and cell walls
compared to the unmodified FNPs, providing strong evidence
of their enhanced biocompatibility and reduced cytotoxicity.
Furthermore, FNPs were detected on the endosperm of the
cucumber seeds, with partial penetration and dispersion
observed in the endosperm of the FNPs-G-treated seeds
(Fig. 2g and Kk, respectively), suggesting improved absorption
and utilization of FNPs-G by the plant. It is reasonable to
hypothesize that the physical interaction between the seeds
and nanoparticles may modify the permeability of the seed
coat, thereby potentially influencing the water uptake kinetics
during the early stages of germination.

To quantitatively evaluate the internalization of FNPs into
the endosperm of cucumber seeds following FNPs and
FNPs-G seed-soaking treatments, we performed ICP-OES
analysis to determine the iron content. For this purpose,
seeds treated with 200 mg mL™" FNPs and FNPs-G for 24 h,
as well as untreated control seeds, were digested and
analyzed by ICP-OES. The iron content was determined to be
114.87 + 0.6 mg kg™' in the control group, 114.37 + 1.0 mg
kg™ in the 200 mg mL™" FNPs-treated group, and 131.63 =+
1.3 mg kg™ in the 200 mg mL™" FNPs-G-treated group. These
results demonstrate that PEG surface modification
significantly enhances the dispersion and biocompatibility of
FNPs in solution, thereby promoting their sustained uptake
by cucumber seeds.

3.3. MRI of cucumber seeds

Representative two-dimensional axial slices of cucumber
seeds treated with FNPs and FNPs-G were visualized using
magnetic resonance imaging (MRI) for independent analysis
of their absorption (Fig. 3). Subsequently, a comprehensive
evaluation of the proton spin-spin relaxation time (7,) was
conducted. The images indicate that the presence of FNPs
substantially modifies the chemical environment within the
seeds, which is attributed to the magnetic properties of iron.
This shortened relaxation time results in reduced signal
intensity, causing regions containing FNPs to appear darker
in the images. As shown in Fig. 3e, the T, image of the seed
coat reveals nearly complete signal quenching in the
presence of FNPs, with a less pronounced reduction in the T,
relaxation time observed in peeled seeds treated with FNPs
compared to the control seed coat. These findings confirm
that the majority of FNPs are localized on the seed coat.
However, partial internalization of FNPs into the seed
endosperm cannot be entirely ruled out.

3.4. Impact of FNPs-G on morphological and physiological
parameters in cucumber plants

Seed germination rate and germination potential are the two
most critical indicators for evaluating the germinative
capacity of a seed and are essential for assessing seed vigor
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Fig. 3 (a-c) Representative 2D central axial sections of the whole seed, tegument, and seed endosperm, where the yellow markers represent control

samples in the T, experiments. (d-f) Trend plots of signal intensity versus T, relaxation time (ms) for the seeds, seed coat, and seed endosperm after
seed soaking with control, FNPs, and FNPs-G solutions, with insets showing the zoomed-in regions of the initial T, relaxation phase (0-40 ms).

and planting value.*” In this study, immersion in a certain
concentration of FNPs-G had no inhibitory effects on
suggesting  that
germinative ability was unaffected by exposure to
nanoparticles. This further demonstrates the biosafety of
FNPs (Fig. 4a). To more intuitively visualize the trends in

cucumber seed germination, seed

cucumber seed germination and seedling growth, the
number of germinated seeds was recorded daily over a 5-day
period at different FNPs-G concentrations during a 16-48 h
seed soaking interval. As depicted in Fig. 4b and ¢, compared
with the control group, 200 mg mL™' FNPs-G substantially
enhanced the germination and emergence rates of cucumber
seeds, with the germination rate increasing by approximately
50%. This may be attributed to the PEG modification, which
improved the hydrophilicity and biocompatibility of FNPs.
This effect may have regulated the osmotic pressure within
the seeds, thereby facilitating the uptake and utilization of
nanoparticles, while promoting the softening of the seed coat
and radicle breakthrough.

To verify whether FNPs possess ROS scavenging capability,
the fluorescence intensity of the seeds after immersion was
examined under a fluorescence microscope using DCFH-DA
as the fluorescent probe (Fig. S2). The fluorescence images
revealed that the fluorescence intensity of the seeds treated
with FNPs-G was lower than that of the control group,
suggesting that FNPs-G exerted a minimal effect on the
oxidative stress cells.

response of the Meanwhile, a

2098 | Environ. Sci.. Nano, 2026, 13, 2092-2111

comprehensive conjunction  with  ROS
quantification data (Fig. 4d) demonstrated that compared to
the CK treatment, FNPs-G immersion reduced the ROS
content in the seeds by 13.9%, thus confirming the
ROS-lowering ability of FNPs-G. When the pH or the
concentration of H,0, changes, FNPs-G can switch from

analysis  in

a “producer” to a “scavenger”.

As illustrated in Fig. 4e, FNPs-G not only enhanced the
root length of the cucumber seedlings but also increased
the number and density of root hairs relative to CK. By
comparing the root lengths, the 200 mg mL™" FNPs-G
treatment exhibited a significant advantage in promoting
embryonic root growth, with an increase of approximately
7.2% compared to CK (Fig. 4f). Root vigor is a critical index
for evaluating the physiological function and growth status
of plant roots. FNPs-G treatment significantly enhanced the
root vigor of the cucumber seedlings, with the 200 mg mL™
FNPs-G treatment increasing the root vigor by approximately
52.7% (Fig. 4g).

It is worth noting that the effects of seed nano-priming on
the growth and development of cucumber plants have been
scarcely investigated. However, some studies have reported
that nanoparticles may exert toxic effects on soil organisms,**
aquatic organisms,* and flying organisms,*® in addition to
potential phytotoxic effects on plants. This dual mechanism
of action results in significant contradictions and complexity
in the biological effects of nanoparticles within plant

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Morphological and physiological analysis after the FNPs-G seed-soaking treatment. (a) Analysis of germination rate and germination
potential of cucumbers after soaking seeds in CK and FNPs-G for 24 hours. The value is expressed as mean + SD (n = 3). (b and c) Trend of the
number of exposed and germinated cucumber seeds changing over time. (d) ROS fluorescence intensity of seeds after 24 hours of treatment. (e)
Representative images of cucumber seedlings on the 5th day of seed-soaking treatment with CK and different concentrations of FNPs-G. (f and g)
Analysis of the root length and root viability of cucumbers by CK and different concentrations of FNPs-G. The images and charts shown represent
at least three independent biological experiments. Statistical comparisons were conducted using univariate ANOVA. The letters denote statistical

significance with respect to untreated seeds (P < 0.05).

systems, which are influenced by variations in plant species
and nanoparticle properties. Treating seeds with 200 mg
mL™ FNPs-G can effectively stimulate root growth and
enhance vegetative growth in cucumber plants. Furthermore,
nanoparticle-mediated seed priming has been documented to

elicit stimulatory effects across various plant species.**’

3.5. The modulatory effect of FNPs-G on morphological
parameters of cucumbers under salt stress conditions

With 100 mM NaCl employed as the salt stress treatment,
this study investigated whether treating seeds with 200 mg
mL ™" FNPs-G could mitigate the inhibitory effect of salt stress
on cucumber seedling growth. The results demonstrated that
FNPs-G enhance the salt tolerance of cucumber plants by
increasing the activities of antioxidant enzymes, elevating the
contents of soluble sugars and Pro, and reducing the levels
of H,0, and MDA (Fig. S3). Foliar spraying has been reported
as a more effective approach,’®™* but its efficiency may be
compromised due to particle blockage at the leaf stomata
when the concentration is high.

excessively In prior

This journal is © The Royal Society of Chemistry 2026

investigations, it was observed that 50 mg mL™ FNPs-G also
promoted the germination and early growth of cucumber
seeds. Consequently, we further explored the effects of 50 mg
mL™" FNPs-G foliar spray treatment on the growth and
development of cucumber plants under salt stress, as well as
its underlying mechanism for enhancing salt tolerance.
Under salt stress, the competitive interaction between Na"
and K during plant uptake results in excessive Na'
accumulation, which not only impairs the absorption of K"
and Mg>" but also disrupts the homeostasis of other mineral
elements.”’ As illustrated in Table 1, compared with CK, 100
mM NacCl treatment led to a significant reduction in the
concentrations of the nutrient elements K*, Ca**, Mg*', Fe*",
P,Os5 and N in the cucumber leaves, while the concentration
of Na’
situation was effectively mitigated by foliar application of
FNPs-G. Specifically, the FNPs-G treatment not only provided
supplemental nutritional support to the cucumber plants but

increased approximately 30-fold. This adverse

also regulated the activity of ion channels or transporter
proteins, thereby reducing the influx of Na' into the cells.
This process not only alleviates the excessive accumulation of
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Table 1 Effects of different treatments on nutrient absorption in cucumber under salt stress, units in mg mL™

Treatments Na* K" Cca*" Mg>* Fe** P,05 N

CK 132.11d 4253.99a 3605.29a 984.91a 14.81c 1001.75a 16.27a
NacCl 3930.26a 3625.38¢ 1097.68d 425.48d 12.48d 798.72¢ 13.43b
N-50FG 3476.54b 4227.89a 1561.61c 527.19c¢ 80.82b 732.15d 15.51a
200FG-N-50FG 3071.35¢ 4035.09b 2573.10b 769.01b 85.73a 821.05b 15.77a

Na® in the leaves but also establishes more optimal

conditions for the wuptake and accumulation of other
essential nutrients (e.g., K, Ca*>*, Mg”", etc.). Therefore, foliar
spraying of FNPs-G regulates ion homeostasis, indirectly
enhancing the uptake of other nutrients, thereby promoting
cucumber growth and improving its salt tolerance. This
balanced nutrient uptake plays a critical role in maintaining
intracellular osmotic pressure, enzyme activity, and cellular
structural integrity.

The treatment with 100 mM Nacl significantly decreased
the chlorophyll content in the cucumber leaves, leading to
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leaf chlorosis, reduced photosynthetic capacity, and stunted
plant growth. In contrast, the cucumber plants subjected to
FNPs-G foliar spraying exhibited a markedly improved growth
status under salt stress conditions. Compared with the NaCl
treatment alone, the morphology of the cucumber leaves
transitioned from yellowish to green, the plant height
increased by 19.5%, and the dry and fresh weights of the
leaves increased significantly by 19.3% and 21.1%,
respectively. Additionally, the total leaf area expanded by
11.6% (as shown in Fig. 5). Compared with seed-soaking
treatment, foliar spraying facilitates the rapid transfer of
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Fig. 5 Effects of FNPs-G on the morphological indices and biomass of cucumber leaves under salt stress. (a) Representative images of cucumber
leaves after treatment. (b-e) Effects of CK, NaCl, N-50FG and 200FG-N-50FG on the plant height, fresh weight, dry weight and total leaf area of
cucumbers under salt stress. Among them, N-50FG was sprayed with 50 mg mL™ FNPs-G after salt stress treatment, and 200FG-N-50FG was
grown to the three-leaf and one-heart stage after soaking seeds in 200 mg mL™ FNPs-G for 24 h, and then sprayed with 50 mg mL™ FNPs-G after
salt stress treatment. The images and charts shown represent at least three independent biological experiments. Statistical comparisons were
conducted using univariate ANOVA. The letters denote statistical significance with respect to untreated seeds (P < 0.05).
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FNPs-G to the leaves and stems of the cucumber
plants, enabling their absorption by the plant tissues
and subsequent exertion of functional effects. This
approach exhibits a more pronounced promoting effect.

A study by He et al* demonstrated that foliar
application allows NMs to directly penetrate wheat
leaves via stomata, resulting in higher accumulation

levels and more efficient translocation within the plant.
These findings are consistent with the results observed
in the present experiment.
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3.6. FNPs-G enhance antioxidant enzyme activity in
cucumber under salt stress conditions

Salt stress induces a significant increase in ROS levels within
cellular tissues, thereby directly triggering the activation of
the antioxidant defense system in cucumber plants. This
response serves to protect plant organelles and biomolecules
under adverse environmental conditions.” In general, the
antioxidant enzyme systems in plants work synergistically
with non-enzymatic antioxidants to regulate ROS levels and
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Fig. 6 Effect of CK, NaCl, N-50FG and 200FG-N-50FG treatments on the (a) SOD activity; (b) POD activity; (c) CAT activity; (d) GSH content; (e)
H,O;, content; (f) MDA content; (g) pro content and (h) soluble sugar content in cucumber leaves under salt stress. The charts shown represent at
least three independent biological experiments. Statistical comparisons were conducted using univariate ANOVA. The letters denote statistical

significance with respect to untreated seeds (P < 0.05).
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maintain redox homeostasis. For instance, key antioxidant
enzymes such as SOD, POD, and CAT play a critical role
in sustaining ROS homeostasis and effectively protect
plants from oxidative damage caused by excessive ROS
production under salt stress conditions.*>*® Fig. 6a
indicates that under salt stress conditions, FNPs-G
applied via foliar spraying were more efficiently absorbed
and utilized by the cucumber Ileaves, resulting in a
reduction in SOD activity through the direct scavenging
of O, to decrease SOD substrates. Fig. 6b and c¢
illustrate the changes in POD and CAT activities in the
cucumber leaves under salt stress, respectively. Compared
with NaCl treatment alone, foliar spraying of FNPs-G
increased POD and CAT activities by 38% and 17.4%,
respectively. Fig. 6d indicates that under salt stress,
cucumber can promote the synthesis of glutathione
through the synergistic effect of its intrinsic antioxidant
enzyme system and the iron ions released by FNPs-G. In
summary, FNPs-G foliar treatment enhances the ROS
scavenging capacity of cucumber plants under salt stress
by directly scavenging O, . Additionally, our comparative
analysis revealed that FNPs-G foliar spraying is more
effective in scavenging ROS than the combined treatment
of seed soaking followed by spraying.

3.7. The modulatory effect of FNPs-G on physiological
parameters of cucumber plants under salt stress conditions

Compared with the CK treatment, NaCl significantly
increased the levels of H,O, and MDA in the cucumber leaves
(Fig. 6e and f, respectively), primarily due to the excessive
accumulation of ROS induced by salt stress in the cucumber
plants. In contrast, foliar application of FNPs-G reduced the
levels of H,0, and MDA in the cucumber leaves by 24.6%
and 33.8%, respectively, compared with NaCl treatment. The
effects were 1.6- and 16.1-times that of the seed-soaking
treatment (Fig. S3e and f), respectively, suggesting that foliar
application of FNPs-G could facilitate their more efficient
absorption and utilization by plants.

To maintain intracellular osmotic pressure balance under salt
stress, the increased levels of Pro and soluble sugars in
cucumber leaves contributed to activating the intracellular
antioxidant defense system and alleviating salt stress-induced
damage to cell membranes and other biomolecules. Compared
with NaCl treatment, foliar application of FNPs-G increased the
Pro content in the cucumber leaves by 54.6%, which was
6.6-times higher than that achieved by seed-soaking
treatment (Fig. S3h). Additionally, the soluble sugar content
in the foliar-sprayed FNPs-G treatment increased 3.13-fold
compared with CK treatment and 1.43-fold compared with
NaCl treatment. These results indicate that foliar spraying of
FNPs-G more effectively promotes the accumulation of Pro
and soluble sugars in cucumber leaves compared with FNPs-G
seed-soaking treatment, thereby enhancing the tolerance of
cucumber to salt stress. Notably, while N-50FG exhibits a
slightly better performance in regulating cucumber salt
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tolerance than 200FG-N-50FG, no significant difference exists
between these two treatments.

3.8. Comprehensive analysis of transcriptome characteristics

To gain a deeper understanding of the molecular
mechanisms underlying FNPs-G regulation of salt tolerance
in cucumber, we selected 16 samples from the CK, NaCl,
N-50FG, and 200FG-N-50FG groups. Transcriptome data
were analyzed via sequencing on the Illumina platform.
The sequence numbers of the raw reads of the 16
samples ranged from 47958288-69965202, and the
sequence numbers of the clean reads were between
43499668-63576750. Among them, the Q20 Dbase
proportion exceeded 97%, and the Q30 base proportion
was greater than 93% (Table S1). Comparison of the
quality-controlled, high-quality sequencing data with the
reference genome of cucumber revealed that more than
96% of the sequencing data could be compared with the
reference genome. This indicates that the sequencing data
are of high quality and the comparison results are good,
thus allowing further analysis.

By analyzing the differences in gene expression across
different comparison groups, the potential mechanism
through which FNPs-G enhance cucumber salt stress
resistance was further elucidated. Based on the criteria of
FDR < 0.05 and |log, fold change| > 1, a total of 4873
differentially expressed genes (DEGs) were identified
among the three pairwise comparisons: CK vs. NaCl, NaCl
vs. N-50FG, and NaCl vs. 200FG-N-50FG. Among these
DEGs, 2529 genes were upregulated, while 2344 genes were
downregulated (Fig. S4a). To identify the key genes in FNPs-G
that enhance cucumber salt tolerance, Venn diagrams were
constructed to analyze the co-differentially expressed genes
across the three comparison groups (Fig. S4b). The number
of commonly differentially expressed genes shared among

the three comparison groups was eight, including
CsaV4_5G002202 (purple acid phosphatase 17),
CsaV4_3G003796 (strigolactone esterase D14),
CsaV4_2G000442 (linoleate 9S-lipoxygenase 6),
CsaV4_4G000034  (hypothetical  protein ~ Csa_015018),

CsaV4_1G003513 (xylogen-like protein 11), CsaV4_4G000246
(phenylalanine ammonia-lyase), CsaV4_1G002454 (probable
strigolactone  esterase DAD2) and CsaV4_5G003107
(repetitive proline-rich cell wall protein 1-like). These genes
are highly likely to play crucial roles in FNPs-G-mediated
alleviation of salt stress and regulation of growth and
development in cucumbers.

To further elucidate the biological functions of the
differentially expressed genes (DEGs), we mapped the
annotated genes from the three comparison groups to terms
in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) databases, aiming to identify
significantly enriched genes associated with specific
metabolic pathways. GO functional annotation and

enrichment analysis were conducted on the DEGs across the

This journal is © The Royal Society of Chemistry 2026
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three comparison groups, as illustrated in Fig. 7a-c,
respectively. These genes are primarily enriched in three
main categories: biological processes (BP), cellular
components (CC), and molecular functions (MF). The
differentially expressed genes in the CK vs. NaCl comparison
group were mainly enriched in processes such as
photosynthesis, transcriptional regulation, and amino acid
catabolism in the BP category; in the CC category, they were
mainly enriched in the photosystem, thylakoid, cell wall, and
cell membrane; and in the MF category, they were mainly
enriched in processes such as heme binding, enzyme
modulator activity, and oxidoreductase activity. The GO
annotation of differentially expressed genes in the NaCl vs.
N-50FG comparison group was mainly enriched in the BP
category in the processes of secondary metabolite biosynthesis
and lactone biosynthesis; in the CC category, they were mainly
enriched in peroxisome and plasma membrane components;
and in the MF category, they were mainly enriched in iron-ion
binding, hydrolase activity and oxidoreductase activity. The GO
annotation of differentially expressed genes in the NaCl vs.
200FG-N-50FG comparison group was mainly enriched in the
BP category in the processes of secondary metabolite synthesis
and amino acid catabolism; in the CC category, the
differentially expressed genes were mainly enriched in secretory
vesicles, chloroplast membranes, and peroxisomes; in the MF
category, the differentially expressed genes were mainly
enriched in heme binding, iron ion binding, transferase
activity, and lyase activity.

The top 20 metabolic pathways enriched in the KEGG
analysis of the three comparison groups were selected, as
illustrated in Fig. 7d-f, respectively. DEGs across the three
comparison groups were highly enriched in pathways related to
the biosynthesis of secondary metabolites, amino acids, and
phenylpropanoids during metabolism. Additionally, differences
were observed in pathways such as plant hormone signal
transduction, MAPK signaling pathway, and plant-pathogen
interaction. A detailed analysis of the top 20 enriched pathways
was conducted. In the CK vs. NaCl comparison group, the most
significantly enriched pathway for DEGs was photosynthetic
antenna proteins, followed by phenylalanine metabolism and
amino acid metabolism. Furthermore, enrichment was also
observed in linoleic acid metabolism, as well as alanine,
aspartate, and glutamate metabolism. In the NaCl vs. N-50FG
comparison group, the most significantly enriched pathways
among the DEGs included vitamin B6 metabolism, linoleic acid
metabolism, phenylalanine metabolism, and arginine and
proline metabolism. Additionally, enrichment was observed in
zeatin biosynthesis and phenylalanine biosynthesis pathways.
In the NaCl vs. 200FG-N-50FG comparison group, the most
significantly enriched pathways among the DEGs were
phenylalanine metabolism, photosynthetic antenna proteins,
biosynthesis of various alkaloids, and vitamin B6 metabolism.

These results suggest that, upon exposure to salt stress,
cucumbers may enhance their tolerance through the
regulation of DEGs by accelerating key metabolic pathways
such as secondary metabolite biosynthesis, amino acid
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metabolism, and photosynthesis. The activation of the
phenylpropanoid biosynthesis pathway likely contributes to
the synthesis of antioxidant substances (e.g., phenolic
compounds) and structural compounds (e.g., lignin
precursors), thereby strengthening the cell wall integrity and
enhancing the plant antioxidant capacity, which is consistent
with the reduced MDA and H,O, levels observed in the FNPs-
G-treated plants (Fig. 6e and f). Furthermore, the regulation
of genes involved in plant-pathogen interactions may indicate
that FNPs-G treatment enhances the immune response of
cucumbers under salt stress, reduces pathogen invasion, and
indirectly improves salt tolerance. In addition, enrichment of
steroid biosynthesis pathways suggests potential regulation
of membrane stability and ion permeability, which may
contribute to the improved Na'/K' homeostasis (Table 1).
KEGG pathway maps highlighting differentially expressed
genes in phenylpropanoid and steroid biosynthesis are
presented in Fig. S15 (SI).

3.9. Comprehensive analysis of metabolome characteristics

Metabolites serve as the foundation of the phenotype of an
organism and enable a more intuitive and effective
understanding of biological processes and their underlying
mechanisms. To comprehensively assess the overall
metabolite differences among samples across groups and the
variation within each group, principal component analysis
(PCA) was performed on samples subjected to different
treatments. As illustrated in Fig. S6a, the PCA results
demonstrate that the data for CK, NaCl, N-50FG, and 200FG-
N-50FG are dispersed, while the replicates within each group
are tightly clustered. This aligns with experimental
expectations and provides robust and reliable data support
for subsequent theoretical analyses.

After detection wusing liquid chromatography-mass
spectrometry (LC-MS), a total of 1359 metabolites were
identified in cucumber leaves under four different treatment
conditions (Fig. S6b). These metabolites can be broadly
categorized into amino acids and their derivatives (23.69%),
organic acids (13.76%), benzene and its substituted
derivatives (10.89%), flavonoids (5.15%), terpenoids (4.86%),
alkaloids (4.42%), and other types of compounds. Based on
the volcano plot of differential metabolites (Fig. S5) and
screening criteria of VIP > 1, fold change > 2, and fold
change < 0.5, a total of 3588 differential metabolites were
identified across the three comparison groups: CK vs. NaCl,
NaCl vs. N-50FG, and NaCl vs. 200FG-N-50FG. Among these
differential metabolites, 1834 were upregulated and 1754
were downregulated. Through the screening and analysis of
the Venn plot results for differential grouping, it was
determined that there is a total of 135 overlapping
differential metabolites among the three comparison groups,
primarily consisting of amino acids and their derivatives,
benzene and its derivatives, organic acids, alkaloids and
others, followed by glycerophospholipids, flavonoids,
terpenoids, heterocyclic compounds, lignans and coumarins.

This journal is © The Royal Society of Chemistry 2026
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Then, cluster analysis was conducted on the differential
metabolites screened from the comparison groups of CK vs.
NaCl, NacCl N-50FG, and NacCl 200FG-N-50FG
(Fig. 8a-c, respectively), and the number of differential
metabolites exhibited significant variation among these
groups. By comparing the top 30 differential metabolites
with marked differences across the three comparison
groups, the results demonstrated that foliar application of
FNPs-G significantly influenced the metabolic profile of
cucumbers under salt stress. The primary metabolites
included amino acids and their derivatives, terpenoids,
heterocyclic compounds, benzene and its derivatives, and
other compounds. Based on the identified differential
metabolites, enrichment analysis was conducted on the
KEGG pathway to further elucidate their functional roles.

As illustrated in Fig. 8d-f, in the CK vs. NaCl comparison
group, a total of 66 differential metabolites were annotated to
metabolic pathways. Among them, the most significantly
enriched pathways included secondary metabolite
biosynthesis, amino acid biosynthesis, alkaloid biosynthesis,
and nucleotide metabolism. The top 20 pathways with
significant differential metabolite enrichment were analyzed,
and the most significantly enriched pathways were valine,
leucine and isoleucine biosynthesis and degradation, and
tryptophan metabolism. In the NaCl vs. N-50FG comparison
group, a total of 40 differentially enriched metabolites were
annotated to metabolic pathways, among which the most
significantly ~ enriched pathways included secondary
metabolite biosynthesis and phenylalanine and tyrosine
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biosynthesis. The top 20 pathways with significantly different
metabolite enrichment were analyzed. The most significant
enrichment pathways were steroid biosynthesis and arginine
biosynthesis. In the NaCl vs. 200FG-N-50FG comparison
group, a total of 48 differential metabolites were annotated to
metabolic pathways. The most significantly enriched
pathways in this group included secondary metabolite
biosynthesis,  phenylalanine  biosynthesis, carotenoid
biosynthesis, and alkaloid biosynthesis. The top 20 pathways
with significantly different metabolite enrichment were
analyzed, and the most significant enrichment pathway was
steroid biosynthesis.

3.10. Comprehensive analysis of transcriptome and
metabolome

Biological processes are inherently complex and holistic in
nature. Explaining complex biological processes and the
regulation of biological networks solely based on single-
omics data is challenging. Integrating multi-omics data for
cross-validation can effectively reduce false positives arising
from single-omics analyses. To further elucidate the effects of
NaCl and FNPs-G under salt stress on gene expression and
metabolite characteristics in cucumbers, a KEGG enrichment
analysis bar chart was employed to analyze common
pathways among the annotated differential gene KEGG
pathways and metabolite KEGG pathways across different
comparison groups (Fig. 9). Most co-enrichment pathways
are related to the biosynthesis of secondary metabolites and
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Under salt stress conditions, foliar application of FNPs-G
can effectively activate or optimize key metabolic pathways,
thereby enhancing the efficiency of secondary metabolite
synthesis and strengthening the defense mechanisms of
plants. Meanwhile, by regulating amino acid metabolism,
FNPs-G ensure that plants maintain normal protein synthesis
and cellular functions under salt stress, thus improving the
salt tolerance of cucumber plants. Notably, comparative
transcriptomic and metabolomic analysis revealed that the
combined treatment (200FG-N-50FG, seed soaking followed
by foliar spray) resulted in a greater enrichment of
differentially expressed genes and metabolites than foliar
spray alone (N-50FG). This suggests that FNPs-G treatment
during the seed stage primes the plant's metabolism, leading
to enhanced responses at later growth stages. Future research
could explore seed nano-coating and seed nano-initiation
techniques in greater depth, with the aim of gradually
applying these methods to soil-based agricultural systems.

4. Discussion

Fe serves as a cofactor or activator for several key enzymes
and proteins, playing a crucial role in maintaining redox
homeostasis in plants."® Fe;0, nanoparticles with intrinsic
POD and CAT activities have been extensively verified and
deeply studied. Their properties can effectively regulate the
intracellular redox state, eliminate ROS accumulated in
plants, and alleviate cell damage.'® The modification of FNPs
with PEG can substantially enhance their dispersion,
stability, and biocompatibility in both aqueous and organic
phases,®>?* which is consistent with the results of this study.

Seed germination is a crucial stage in the life cycle of
plants. In this study, after pre-treating cucumber seeds with
FNPs-G, not only was particle dispersion observed inside the
seeds, but also, compared to CK, 200 mg mL™' FNPs-G
significantly increased the germination rate of cucumber
seeds by approximately 50% (Fig. 4b). By comparing the root
lengths, it was observed that the 200 mg mL™' FNPs-G
treatment demonstrated a significant advantage in promoting
root growth, increasing by approximately 7.2% compared to
CK (Fig. 4f). This may be attributed to the PEG modification,
which improved the hydrophilicity and biocompatibility of
FNPs. This effect may have regulated the osmotic pressure
within the seeds, thereby facilitating the uptake and
utilization of nanoparticles, while promoting the softening of
the seed coat and radicle breakthrough.

The damage caused by soil salinization to plants is
obvious. In this study, NaCl significantly reduced the
aboveground and root biomass of cucumbers. Fig. 5 illustrates
the negative correlation between NaCl and the aboveground
biomass. Under a 100 mM NaCl concentration, the application
of FNPs-G by foliar spraying regulated the ion balance,
indirectly promoting the absorption of other nutrients,
increasing the above-ground biomass of cucumbers, and
partially alleviating the negative effects of NaCl. ROS are by-
products of plant aerobic metabolism, which are important

This journal is © The Royal Society of Chemistry 2026
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signaling molecules that regulate biological developmental
processes. Salt stress can induce homeostatic imbalance in
cucumber plants, leading to a substantial accumulation of
ROS, which disrupts normal metabolic processes, causes
oxidative damage to plant cells, and may even trigger
programmed cell death, thereby significantly affecting the
growth and development of cucumber.”® The fluorescence
images (Fig. S2) showed that FNPs-G had little effect on the
oxidative stress response of the cells. Furthermore, the
comprehensive analysis based on the ROS quantitative data
(Fig. 4d) indicates that the FNPs-G soaking treatment reduced
the ROS content in the seeds by 13.9%. In general, the
antioxidant enzyme systems in plants work synergistically
with non-enzymatic antioxidants to regulate ROS levels and
maintain redox homeostasis.*>*® In this study, under salt
stress conditions, FNPs-G applied via foliar spraying were
more efficiently absorbed and utilized by cucumber leaves,
resulting in a reduction in SOD activity through the direct
scavenging of O, to decrease SOD substrates. Foliar spraying
of FNPs-G increased the POD and CAT activities by 38% and
17.4%, respectively. Moreover, it significantly reduced the
contents of H,0, and MDA in cucumber leaves under salt
stress (Fig. 6e and f, respectively). Therefore, FNPs-G may
promote the development of plant cells and counteract the
ROS inhibitory effect of NaCl on plant growth.

When plants perceive a harsh environment, stress
adaptation involves not only antioxidant defense but also the
maintenance of ionic and osmotic balance.”” Under salt
stress, excessive Na' accumulation and K loss disrupt cellular
ion equilibrium. In the present study, FNPs-G significantly
reduced Na" accumulation (41%) and increased the K' levels
(28%), thereby improving the Na'/K" balance (Table 1). Similar
ion-regulatory effects of nanomaterials under salt stress have
been reported in other crop species.*® Transcriptomic analysis
further revealed significant enrichment of the steroid
biosynthesis pathway (section 3.8), which is associated with
membrane structure and stability under stress conditions and
may contribute to improved ionic balance. In addition, FNPs-
G markedly increased the proline (54.6%) and soluble sugar
(3.13-fold) contents relative to NaCl treatment (Fig. 6g and h,
respectively), consistent with previous reports on
nanomaterial-induced osmoprotectant accumulation.*’ The
coordinated transcriptional regulation of proline metabolism-
related genes further supports enhanced osmotic adjustment
capacity. Together with the antioxidant responses discussed
above, these findings indicate that FNPs-G enhance salt
tolerance through coordinated regulation of antioxidant
defense, ion homeostasis, and osmotic adjustment.

Next, we employed transcriptomics and metabolomics
techniques to gain a deeper understanding of the molecular
mechanism by which FNPs-G regulate salt tolerance in
cucumbers. The results of this study indicate that when
cucumbers are subjected to salt stress, these differentially
expressed genes may regulate salt stress by accelerating the
synthesis of secondary metabolites, amino acid metabolism,
and photosynthesis and other key metabolic pathways, thereby
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enhancing the tolerance of cucumbers to salt stress (Fig. 7),
which is similar to the research results reported by Wang
et al.>® After foliar spraying with FNPs-G, the accumulation of
secondary metabolites such as organic acids, terpenoids,
phenols and their derivatives, and alkaloids was significantly
higher than that in the NaCl treatment group. Zhang et al.>'
conducted a study demonstrating that the phenylpropanoid
pathway (including phenylpropanoid biosynthesis and
phenylalanine metabolism) plays a significant role in
controlling the response to salt stress. This finding is
consistent with our transcriptomic data, which showed that the
expression levels of phenylpropanoid biosynthesis genes were
significantly higher in the FNPs-G-treated group (NaCl + foliar
spray) than in the NaCl-only treatment group. This indicates
that FNPs-G can further alleviate salt stress by enhancing
phenylalanine metabolism and phenylpropanoid biosynthesis.
Additionally, FNPs-G enhanced the biosynthesis of steroids in
cucumber under salt stress through multiple pathways, which
not only helps maintain normal cell functions but also may
improve the salt tolerance in cucumber by regulating the
hormone signaling and antioxidant systems. Besides the
biosynthesis of secondary metabolites, differentially expressed
genes and metabolites were also enriched in the metabolism of
primary metabolites such as linoleic acid, which is consistent
with the results from the study by Xu et al.>*

Amino acid metabolism plays a significant and diverse role
in the process by which plants respond to salt stress. Tyrosine
is an important product in the phenylalanine metabolic
pathway and serves as a precursor for the synthesis of some
antioxidant substances. It is involved in the formation of
various secondary metabolites, such as flavonoids and
phenolic compounds. These compounds possess antioxidant
properties and can eliminate ROS.”* Arginine is an important
nitrogen storage substance in plants. Under salt stress,
arginine and its metabolites can help plants maintain the
water balance within their cells by regulating osmotic
pressure. Moreover, the polyamines and NO produced during
arginine metabolism also participate in the antioxidant
defense system of plants, eliminating ROS and alleviating
oxidative damage caused by salt stress.’® In this study, we
found that foliar spraying of FNPs-G significantly promoted
the biosynthesis of tyrosine and arginine in cucumber plants.
At the same time, the metabolites of tyrosine could eliminate
the ROS accumulated in cucumber plants due to salt stress.
This is consistent with the significant advantage of foliar
spraying of FNPs-G over the soaking treatment in removing
ROS found in this experiment. Therefore, the changes in
these secondary metabolite accumulations and related genes
of free amino acids were significantly correlated with the
enhancement in the salt tolerance level of cucumber by FNPs-
G at the transcriptional and metabolic levels.

5. Conclusion

This study proposes a method that substantially enhances
the germination rate of cucumber seeds and promotes
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seedling growth via FNPs-G, while scavenging ROS to improve
the physiological indicators of growth in cucumbers and
alleviate salt stress. FNPs-G, which exhibit antioxidant
enzyme-like activities, can induce the up-regulation of
defense-related gene expression, thereby enabling a rapid
and robust defense response to adverse conditions. Gene
expression and metabolic products primarily regulate salt
stress responses by modulating the biosynthesis of secondary
metabolites and amino acid metabolism, thereby enhancing
the salt tolerance of cucumbers. In conclusion, FNPs-G serve
as a type of nano-bio-stimulant that can be metaphorically
regarded as a “vaccine” for plants. This acquired “vaccine”
initiates and enhances the systemic defense mechanism,
potentially alleviating damage to cucumber seedlings under
various abiotic stresses. This approach may offer a
sustainable solution to food security challenges posed by
climate and environmental changes. In addition, the fate
and environmental impact of the diffusion of FNPs-G in the
soil-plant system remain a major concern and will be one
of the main directions of our future research.
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supplementary  tables (Tables S1-S3) summarizing
sequencing data quality, salt concentration gradient test
results, and correlation analysis of physiological parameters.
See DOI: https://doi.org/10.1039/d5en00970g.

visualization,
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