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nism of silver nanoparticles
inhibiting primary root growth of Oryza sativa L

Jiajia Yang, Ruihua Chen, Huan Zhang, Ruonan Wang and Zhifeng Zhang *

Elucidating the phytotoxicity of silver nanoparticles (AgNPs) at the primary tissue level is essential for

a comprehensive assessment of their ecotoxicological risks. This study systematically investigated the

phytotoxic mechanisms of polyethyleneimine-coated silver nanoparticles (AgNPs@PEI) on plant primary

roots using rice (Oryza sativa L.) primary roots as an experimental model through integrated physiological,

transcriptomic, and metabolomic analyses. Exposure to AgNPs@PEI induced concentration-dependent

growth inhibition, with a 10 mg L−1 treatment causing a 44% reduction in root length, a 50% decrease in

biomass, and a 28.3% shortening of the root meristematic zone, accompanied by abnormal root hair

development and cap detachment. Physiological assessments revealed significant disturbances in root

vitality and antioxidant enzyme activities (SOD, POD, and CAT). Transcriptomic profiling identified significant

downregulation (fold change > 2) of genes involved in nine key metabolic pathways, most notably

phenylpropanoid biosynthesis, aromatic amino acid (phenylalanine/tyrosine/tryptophan) biosynthesis, and

glutathione metabolism. Metabolomic analysis revealed concomitant disruptions in seven essential

pathways, particularly those involved in unsaturated fatty acid biosynthesis. These transcriptomic and

metabolic alterations collectively impaired cell wall lignification through suppression of the

phenylpropanoid pathway and compromised membrane integrity via dysregulation of fatty acid

metabolism. This research elucidates the phytotoxic effects of AgNPs from a primary plant tissue

perspective, providing novel evidence for understanding nanomaterial–plant interactions at the tissue level.
1 Introduction

Silver nanoparticles (AgNPs) have gained extensive applications
across diverse industries, including electronics, textiles,
medical devices, and food packaging, owing to their exceptional
electrical conductivity, photochemical properties, and antimi-
crobial efficacy. In agricultural production, AgNPs have
emerged as promising alternatives to conventional antimicro-
bial agents (e.g., antibiotics and disinfectants) due to their
broad-spectrum antibacterial activity.1 However, a comprehen-
sive understanding of their biological effects remains a prereq-
uisite for agricultural application.

AgNPs not only impair seed germination and plant growth but
also trigger excessive reactive oxygen species (ROS) accumulation
in plant cells, disrupting normal physiological and metabolic
processes.2 As the primary interface between plants and their
environment, the root system plays a crucial role in mediating
responses to environmental stressors. Current studies on the
effects of AgNPs on root morphology and physiology have
consistently shown that AgNP exposure signicantly impairs root
system development. These adverse effects include inhibited root
elongation, suppressed root formation, and reduced overall root
versity, Taiyuan, 030031, China. E-mail:
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the Royal Society of Chemistry
biomass.3,4 For instance, Yin et al. demonstrated that AgNP
exposure suppresses plant root growth, primarily by disrupting
cell division and elongation in root tips.5 Similarly, Mirzajani et al.
observed that AgNP exposure frequently leads to signicant
biomass reduction in plants. This phenomenon primarily results
from root system impairment, which subsequently restricts water
and nutrient uptake capacity, ultimately compromising overall
plant growth and physiological performance.6 Some studies also
demonstrated that they exhibit dose-dependent regulation of root
development, as exemplied in Arabidopsis thaliana, where low
concentrations (typically < 50 mg L−1) stimulate root elongation
while higher concentrations exert inhibitory effects through
modulation of cell cycle dynamics and reactive oxygen species
(ROS) accumulation.7 This response pattern has been docu-
mented not only in model plants such as Arabidopsis thaliana and
Oryza sativa,8,9 but also in agriculturally signicant species
including Triticum aestivum, Vicia faba, Raphanus sativus, and
Solanum tuberosum.10,11 The phytotoxic effects of AgNPs on plant
roots are mediated through multiple interconnected mecha-
nisms. Primarily, the physical interaction between AgNPs and root
tissues can cause direct mechanical damage, thereby impairing
root growth and development.12 At the cellular level, AgNPs induce
excessive generation of reactive oxygen species (ROS), resulting in
oxidative stress that damages critical cellular components
including membrane lipids, functional proteins, and genetic
RSC Adv., 2026, 16, 15187–15203 | 15187
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material.13,14 Furthermore, the dissolution of AgNPs releases
bioactive silver ions (Ag+), which disrupt cellular homeostasis by
binding to sulydryl groups in proteins and interacting with
nucleic acids, ultimately interfering with enzymatic activities and
genetic processes.13 However, more comprehensive evidence at
the molecular level is required to elucidate the precise mecha-
nisms underlying these observed effects.15

The primary meristem, as the initial structural foundation
for plant morphogenesis, plays a pivotal role in determining
both organogenesis and subsequent growth and developmental
processes.16 The primary root, developing directly from the
radicle during seed germination, constitutes the plant's rst
part of the root system that ensures seedling establishment
through water and nutrient acquisition, physical anchorage,
and environmental adaptation.17 The primary root exhibits
a well-dened longitudinal organization comprising three
distinct functional zones: meristematic, elongation, and matu-
ration.18 The primary root growth is largely established by the
division of meristem cells at the meristematic zone, and
subsequent elongation of the cells at the elongation zone and
differentiation of the cells at the maturation zone in the root
tip.19,20 With its straightforward anatomical architecture
(primary tissues only) and limited developmental complexity
(no secondary growth), the primary root serves as an ideal
experimental model for elucidating the key physiological and
molecular processes underlying root responses to diverse envi-
ronmental challenges, such as heavy metal toxicity, osmotic
stress, and organic pollutant exposure, in complex soil-plant
systems.21,22

Rice (Oryza sativa L), an essential food crop, serves as
a primary staple for over half of the global population.23,24

Moreover, rice represents an ideal monocot model for investi-
gating nanomaterial–plant interactions, particularly due to its
suitability for controlled hydroponic experiments. Accordingly,
the present study adopted the primary root of rice as a model
system to systematically examine the biological effects of AgNPs
from the perspective of plant primary tissues.

By integrating multi-scale analytical methods, we rst
observed the macroscopic morphological and microstructural
changes in rice primary roots under AgNPs exposure and
quantitatively assessed variations in growth parameters such as
root length and biomass. We further analyzed the changes in
the activities of key enzymes within the primary roots.
Concurrently, high-throughput genomics and metabolomics
technologies were employed to elucidate the changes in gene
expression levels and metabolic pathways in rice primary roots
responding to AgNPs stress. This study not only reveals the
physiological and molecular mechanisms by which AgNPs
affect the development of plant primary tissues but also
provides a theoretical basis for a deeper understanding of the
phytotoxic effects of nanomaterials.

2 Materials and methods
2.1 Chemicals and reagents

Silver nitrate (AgNO3, >99.5%) was obtained from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China).
15188 | RSC Adv., 2026, 16, 15187–15203
Polyethyleneimine (PEI, MW 600 Da) was purchased from
Aladdin Chemistry Co., Ltd (Shanghai, China). Sodium boro-
hydride (NaBH4) was acquired from Sigma-Aldrich (St. Louis,
MO, USA). Ultraltration was performed using Amicon® Ultra-
15 centrifugal lters (3 kDa MWCO, Merck Millipore, Ger-
many). All other chemicals were of analytical grade. Deionized
water (18.2 MU cm) was puried using a Millipore Milli-Q
system (Burlington, MA, USA) for all experiments.

2.2 Synthesis and characterization of AgNPs

The AgNPs@PEI nanocomposite was synthesized according to
our previously reported method.25 Briey, 10 mL of AgNO3

solution (4.76 mM) was added into 200 mL of PEI solution
(0.5 mg mL−1) under vigorous magnetic stirring (800 rpm) at
25 °C. Aer stirring for 1 h, 20 mL of freshly prepared NaBH4

solution (39.5 mM) was introduced as reducing agent, and the
reaction proceeded for 3 h to ensure complete reduction of Ag+

ions. The prepared AgNPs suspension was puried by centrif-
ugal ultraltration (Amicon Ultra-15, 50 kDa, Millipore) to
remove excess Ag+, PEI and NaBH4, respectively. The morpho-
logical characteristics of AgNPs@PEI were analyzed using
transmission electron microscopy (TEM), while the surface
chemical states were investigated by X-ray photoelectron spec-
troscopy (XPS). The measurements of zeta potential, hydrody-
namic diameter, and silver ion release are provided in the SI.

2.3 Plant culture and treatment

Plump seeds of rice (Oryza sativa L. cv. Zhonghua 11) were
surface-sterilized with 2% H2O2 for 30 min and thoroughly
rinsed with distilled water. The seeds were germinated on
seedling trays in darkness at 25 °C for 3 days, aer which the
temperature was increased to 30 °C for 24 h to promote radicle
emergence. Uniformly germinated seeds were then transferred
to hydroponic boxes containing 20% Hoagland nutrient solu-
tion (the chemical composition of the full-strength Hoagland
nutrient solution is provided in Table S2; its pH is approxi-
mately 5.2). In accordance with current literature on the
phytotoxicity of AgNPs,26–29 the exposure concentration range
was selected as 0–10 mg L−1. AgNPs@PEI were added to the
nutrient solutions at concentrations of 0, 0.1, 1.0, 5.0, and
10.0 mg L−1. Seedlings were grown in a phytotron under a 16 h
light/8 h dark photoperiod at 28 °C. The treatment without
AgNPs@PEI served as the blank control, and each concentra-
tion was tested in three biological replicates. Following 72 h of
exposure, the effects of AgNPs@PEI on rice primary root growth
were assessed. Considering the intrinsic phytological effects of
silver nanoparticles, no control groups for silver ions or free
coating PEI were established.

2.4 Morphological analysis

Primary root lengths were measured using a root scanner, and
the acquired images were processed with Image Pro Plus so-
ware. Root morphology was compared between AgNPs@PEI-
treated and control (CK) groups using a stereo light micro-
scope (SLM). To examine the root cap structure and root hair
density, approximately 2 cm of primary roots were excised from
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3-days-old seedlings. The samples were xed in 2.5% glutaral-
dehyde for 1 hour at room temperature, followed by three rinses
with phosphate buffer to remove residual xative. A graded
ethanol series (30%, 50%, 70%, 80%, 95%, and 100%) was then
used for dehydration, with each step lasting 15 min. Aer
dehydration, the samples were freeze-dried to preserve ne
surface morphology. Prior to SEM observation, the dried spec-
imens were mounted on stubs and sputter-coated with a gold-
palladium layer. Primary roots from 10 randomly selected 3-
days-old rice seedlings under different treatments were rinsed
with ultrapure water (18.2 MU cm resistivity, further puried
from deionized water), stained with aceto-carmine solution for
5 min, then washed with 95% ethanol for 3 min, and rinsed
three times with ultrapure water. The staining roots were
observed under a microscope, and the length of the root apical
meristem was measured using Image-Pro Plus soware.30

2.5 Analysis of physiological parameters

2.5.1 Primary root viability assay. Cell viability was
assessed using a modied Evans blue staining method.31

Primary roots from each treatment were immersed in 0.25% (v/
v) Evans blue solution for 15 min, followed thorough rinsing
with ultrapure water. The stained roots were then incubated in
N,N-dimethylformamide (1 : 10, w/v) at room temperature for
2 h to extract the dye. Roots subjected to boiling water for 15–
20 min before staining served as the positive control. Aer
extraction, the samples were centrifuged at 8000 rpm for 4 min.
The absorbance of Evans blue in the supernatant was measured
at 600 nm. Relative cell viability (V) was calculated using the
following formula:

V = [1 − (A/B] × 100%

where: A is the absorbance of the extraction solution from the
treated root tips; B is the absorbance of the extraction solution
from the killed root tips.

2.5.2 Determination of lipid peroxidation and hydrogen
peroxide levels. Lipid peroxidation was assessed by measuring
malondialdehyde (MDA) content according to the thio-
barbituric acid (TBA) method.32 Hydrogen peroxide (H2O2)
concentration was quantied following the protocol of Jena and
Choudhuri.33 Detailed experimental procedures are provided in
the SI.

2.5.3 Determination of antioxidant enzyme activities.
Fresh primary roots were homogenized in ice-cold 50 mM
phosphate buffer (pH 7.8) using a pre-chilled mortar and pestle.
The homogenate was centrifuged at 8000×g for 10 min at 4 °C,
and the resulting supernatant was collected for enzyme activity
assays. Activities of superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) were determined using commercial
assay kits (Sangon Biotech, Shanghai, China; SOD: Cat. No.
D799593, POD: D799591, CAT: D799597). Assays were per-
formed according to the manufacturer's instructions, based on
spectrophotometric detection at 560 nm (SOD), 470 nm (POD),
and 240 nm (CAT), respectively. Enzyme activities were calcu-
lated from the corresponding standard curves and expressed as
units per milligram of protein (U mg−1 protein).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.6 Transcriptome analysis

The rice seedlings were separately treated with 0, 5.0,
10.0 mg L−1 AgNPs@PEI for 3 days. The primary roots were
sampled, washed with ultrapure water three times, immediately
put into a centrifuge tube, and frozen with liquid nitrogen for 15
minutes. Total RNA was extracted by TRIzol reagent (Invitrogen,
Carlsbad, USA). Total amounts and integrity of RNA were
assessed using the RNA NanDrop 2000 Assay Kit of the Bi-
oanalyzer 2100 system (Agilent Technologies, CA, USA). The
cDNA library was sequenced on the Illumina sequencing plat-
form by Personal Biotechnology Co., Ltd (Shanghai, China). The
differentially expressed genes (DEGs) of the primary root were
identied by the DEGseq2 package. The Gene Ontology (GO)
functional enrichment analysis and Kyoto Encyclopedia of
Genomes (KEGG) pathway enrichment analysis of DEGs were
performed using GOseq (1.10.0) and KOBAS (v2.0.12) soware.
Detailed experimental procedures are provided in the SI.

2.7 Metabolite proling analysis

Approximately 0.2 g (±1%) of the primary roots of AgNPs@PEI
treated with 0, 5.0, and 10.0 mg L−1 AgNPs@PEI were rapidly
frozen in liquid nitrogen for subsequent analysis. Sample
preparation and data analysis for metabolomics analyses were
performed using standard procedures at Personal Biotech-
nology Co., Ltd (Shanghai, China). LC-MS/MS analyses were
performed using a UHPLC system (Agilent 1290 Innity LC)
coupled with an AB Triple TOF 6600 mass spectrometer (AB
SCIEX)20. We performed Principal Component Analysis (PCA)
and Partial Least Squares Discriminant Analysis (PLS-DA) to
generate values of the Variable Importance in the Projection
(VIP). The metabolites with VIP > 1 and P-value < 0.05 were
considered to be differentially expressed metabolites (DEMs).
The DEMs were annotated using the KEGG database (https://
www.jp/kegg/) and HMDB database (https://www.hmdb.ca/).
Detailed experimental procedures are provided in the SI.

2.8 Statistical analysis

All experimental results are presented as mean values ± stan-
dard deviation. Three replicates were performed in the plant
growth experiments. Six independent biological replicates were
conducted for untargeted metabolomics proling. For trans-
criptomic analysis, three independent biological replicate
samples were randomly selected from the six metabolome
replicates of each treatment. Statistical signicance was deter-
mined by one-way ANOVA with Duncan's multiple range test (p
< 0.05). Data analysis was performed using SigmaPlot soware
(v14.0, Systat Soware). Additional analyses included heat map
generation using Microso Excel (v15.32 for Mac) and pathway
enrichment analysis using Metabolic Analysis Soware (v4.0,
https://www.genescloud.cn).

3 Results and discussion
3.1 Characteristics of AgNPs

The transmission electron microscopy (TEM) image of the
synthesized AgNPs is presented in Fig. 1A, showing
RSC Adv., 2026, 16, 15187–15203 | 15189
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Fig. 1 (A) TEM image of AgNPs@PEI (B) XPS spectrum of AgNPs@PEI.
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nanoparticles with an average size of approximately 35 ± 9 nm
and a predominantly spherical morphology. The X-ray photo-
electron spectroscopy (XPS) spectrum of AgNPs, as illustrated in
Fig. 1B, exhibits two distinct peaks centered at binding energies
of 368.3 eV and 374.3 eV, corresponding to Ag 3d5/2 and Ag 3d3/2,
respectively. These binding energy values align well with those
of metallic silver (Ag0), providing strong evidence for the
successful formation of AgNPs.34 The surface zeta potential,
dispersibility, and stability of AgNPs@PEI were evaluated in the
medium used for rice primary root culture. As shown in
Fig. S1A, the surface zeta potential of AgNPs@PEI in 20%
Hoagland nutrient solution (pH 6.0) increased slightly from
+13.2 mV in distilled water to +16.7 mV aer 3 days, which may
be attributed to the protonation of amino groups in PEI under
acidic conditions, leading to enhanced positive surface charge
density.35 The dispersibility of AgNPs@PEI in the nutrient
solution decreased slightly, as reected by an increase in
hydrodynamic diameter from 82.26 nm to 107.76 nm (Fig. S1B).
UV-vis absorption spectra of AgNPs@PEI in the nutrient solu-
tion showed no signicant changes compared to those in
distilled water (Fig. S1C), indicating negligible oxidation or
morphological alteration of AgNPs@PEI. The cumulative
concentration of released Ag+ from AgNPs@PEI reached 294.7
mg L−1 aer 3 days of incubation, corresponding to an Ag+

release ratio of approximately 6.27% (Fig. S1D). These results
suggest a slow Ag+ release process in the nutrient medium.
3.2 Effect of AgNPs on the morphology of rice primary roots

3.2.1 Effect on the biomass of rice primary roots. The root
system is a sensitive organ of plants subjected to external
stimuli. Some studies have reported that certain engineered
nanomaterials can stimulate early root growth.36 However, our
results indicated that AgNPs inhibited the primary root growth
in a concentration-dependent manner, with increasing
concentrations of AgNPs from 0.1 to 10 mg L−1 (Fig. S2, SI).
Compared with CK, 10 mg L−1 AgNPs resulted in a signicant
reduction in primary root length, with an average decrease of
1.07 ± 0.375 cm (Fig. S3A). This observation aligns with
previous ndings demonstrating that elevated concentrations
of nanoceria inhibit root elongation in pea (Pisum sativum).37
15190 | RSC Adv., 2026, 16, 15187–15203
This suggests a general trend where higher concentrations of
nanomaterials may inhibit primary root growth while altering
root morphology.38 As shown in Fig. S3B, dry biomass accu-
mulation in rice primary roots showed no signicant change
aer a 3-days exposure to AgNPs at concentrations#1.0 mg L−1.
However, at higher concentrations, biomass accumulation
decreased progressively. This trend demonstrates that the
sensitivity of primary roots to AgNPs-induced stress increases
with treatment levels. Consistent with previous ndings, the
presence of nanoparticles in growth media signicantly
reduced both fresh and dry biomass of Brassica nigra plants in
a concentration-dependent manner.39 These growth reductions
likely stem from nanoparticle uptake and subsequent intracel-
lular accumulation, leading to phytotoxic effects including:
suppression of cell elongation and division, disruption of
growth regulation, growth, and impairment of water and
nutrient acquisition.40

3.2.2 Effect on root hairs and root cap. Microscopic anal-
ysis revealed that AgNPs exposure signicantly impaired rice
root hair development (Fig. 2A). The number of primary root
hairs signicantly decreased at AgNPs concentrations above
1.0 mg L−1. SEM imaging further demonstrated distinct
morphological alterations in root hair structure (Fig. 2C). It is
well known that root hairs are the main site of plants for
absorbing water and inorganic salts.41 The inhibitory effect of
AgNPs on root hair development may contribute to the observed
impairment of primary root growth. This nding aligns with
previous reports by Zhang et al., who demonstrated that nano-
particle accumulation on root surfaces can physically obstruct
epidermal openings, thereby disrupting water transport mech-
anisms in both tomato and reed plants.42 Intriguingly, our
investigations uncovered that AgNPs trigger premature root cap
abscission in rice primary roots. From Fig. 2B, it can be seen
that control (CK) roots maintained intact root caps throughout
the 3-days cultivation period. The concentration of AgNPs rea-
ches 5.0 mg L−1, and the root caps show obvious signs of
detachment. SEM observations further conrmed this dose-
dependent morphological alteration (Fig. 2D). The root cap, as
a protective structure at the tip, plays an important role in
protecting the apical meristem.43 AgNPs-induced root cap
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microscopic observation of root hairs (A) and root caps (B) of rice primary roots exposed to AgNPs@PEI SEM observation of root hairs (C)
and root caps (D) of rice primary roots exposed to AgNPs@PEI Effect of AgNPs@PEI on images of acetocarimine-stained root meristems (E) and
meristematic zone length (F).
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detachment may consequently compromise meristematic zone
integrity and disrupt normal root tip physiology.44

3.2.3 Effects on the meristematic zone of root tips. Plant
root growth depends critically on the division of meristematic
cells and the growth of elongation cells in the root tip.45–47 The
meristematic zone is the most active area for cell division of the
root tip.48 Acetic acid magenta staining revealed that AgNPs
exposure reduces the meristematic zone length in primary root
tips (Fig. 2E). Statistical evaluation demonstrated a 28.3%
decrease in meristem length at 10 mg L−1 AgNPs exposure
(0.339 ± 0.029 mm) compared to controls (0.473 ± 0.035 mm)
(Fig. 2F). The observed reduction in rice primary root length
likely results from AgNPs-induced inhibition of cell prolifera-
tion in the meristematic zone.49 This mechanism is consistent
with previous ndings on nanoparticle phytotoxicity, including
Wang et al.'s demonstration of meristem cell vacuolization in
© 2026 The Author(s). Published by the Royal Society of Chemistry
CuO NP-treated rice roots,50 and Liu et al.'s report of
concentration-dependent decreases in mitotic activity following
CuO NP exposure.51 Our results thus corroborate the estab-
lished paradigm that exogenous nanoparticles can disrupt the
cellular division process in root meristems.

3.3 Effects on oxidative stress of primary roots

Evans blue dye was used as a viability assay for rice primary
roots. No signicant reduction in the viability of rice primary
root cells was observed at AgNPs concentrations below
1.0 mg L−1. However, treatments with 5.0 and 10.0 mg L−1

AgNPs signicantly reduced cell viability by 35% and 63.2%,
respectively (Fig. 3A). Malondialdehyde (MDA) serves as
a biomarker of lipid peroxidation, reecting the degree of
oxidative damage to cell membranes.52 As shown in Fig. 3B, the
MDA content in rice primary roots increased with rising
RSC Adv., 2026, 16, 15187–15203 | 15191
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Fig. 3 AgNPs@PEI exposure induces oxidative stress and inhibits root activity in rice primary roots. The effects on (A) root activity, (B) MDA
content, (C) H2O2 content, (D) SOD activity, (E) POD activity, and (F) CAT activity are shown. Error bars indicate standard deviation of the mean (n
= 3), values are presented as mean ± SD. Samples with a different letter were significantly different (P < 0.05), as determined using the Duncan
LSD test.
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concentrations of AgNPs treatment. Exposure to 10.0 mg L−1

AgNPs resulted in a signicant elevation of MDA levels from
26.2 ± 5.12 nmol g−1 in the control (CK) group to 72.6 ± 5.86
nmol g−1, indicating that high concentrations of AgNPs@PEI
induce membrane lipid peroxidation damage in rice primary
roots. H2O2 functions not only as an indicator of oxidative stress
but also as a crucial signaling molecule that activates the anti-
oxidant defense cascade in plants.53 As shown in Fig. 3C, AgNPs
treatment signicantly promoted the accumulation of hydrogen
peroxide (H2O2) in rice primary roots. Exposure to 5 mg L−1

AgNPs@PEI resulted in a 2.14-fold increase in H2O2 content
compared with the control (CK) group. The accumulation of
H2O2 can induce oxidative damage and membrane lipid per-
oxidation in plant tissues, which further explains the elevated
MDA levels observed in primary roots upon AgNPs exposure.54

Exposure to AgNPs@PEI signicantly enhanced antioxidant
enzyme activities in rice primary roots, including SOD, POD,
and CAT (Fig. 3D–F). Notably, SOD activity displayed a concen-
tration-dependent response, with signicant elevation observed
at AgNPs@PEI concentrations $5.0 mg L−1. The highest SOD
activity (129.52 ± 18.6 U g−1) was recorded at 10 mg L−1 treat-
ment. This elevated SOD activity represents a critical defense
mechanism against AgNPs@PEI-induced oxidative stress in rice
primary roots. Parallel to SOD dynamics, POD activity showed
a concentration-dependent increase, rising from 21.23 U mg−1

in controls to 36.2 ± 7.36 U mg−1 at 5 mg L−1 AgNPs@PEI, and
further escalating to 70.31 ± 6.43 U mg−1 at 10.0 mg L−1. While
15192 | RSC Adv., 2026, 16, 15187–15203
CAT activity in rice primary roots exhibited an increasing trend
at both 5.0 and 10.0 mg L−1 AgNPs@PEI compared to the
control, the changes were statistically non-signicant, con-
trasting with the marked responses of SOD and POD. The
coordinated upregulation of POD, CAT, and SOD activities in
rice primary roots represents a canonical antioxidant defense
mechanism against AgNPs@PEI-induced ROS generation.55,56

This enzymatic response pattern, well-documented during
oxidative stress, directly correlates with elevated lipid perox-
idation levels, conrming the activation of primary roots
oxidative stress pathways under AgNPs@PEI exposure.
3.4 Transcriptomic analysis

3.4.1 Differential gene expression analysis. To elucidate
the molecular mechanisms underlying the effects of AgNP-
s@PEI on rice primary root growth, transcriptomic sequencing
analysis was conducted to compare the differential gene
expression between the control group (CK) and those exposed to
5 mg L−1 (abbreviated as AgNPs1) or 10 mg L−1 (abbreviated as
AgNPs2) AgNPs@PEI treatments. High-throughput sequencing
generated high-quality data, with all samples yielding between
34.8 and 43.2 million clean reads and demonstrating excellent
sequencing quality (Q20 scores >97.66%), conrming the high
quality and reliability of the sequencing data (Table S1).

To identify differentially expressed genes, the expression
level of each gene was calculated as FPKM (Fragments Per Kilo
bases per Million fragments) based on universal reads. All
© 2026 The Author(s). Published by the Royal Society of Chemistry
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uniquely mapped reads were converted to FPKM values using
Cufflinks for subsequent comparative analysis (Fig. S4A). Prin-
cipal component analysis (PCA) revealed clear separation
between the control (CK) and AgNPs@PEI treatment groups,
demonstrating distinct genome-wide expression proles
(Fig. S4B).

Using Pearson's correlation coefficient analysis, we con-
structed a correlation heat map to evaluate the association
among the three experimental groups (Fig. 4). The results
showed that the three groups have good correlation and good
biological repeatability. To visualize the differential gene
expression responses of rice primary roots to AgNPs exposure,
the differentially expressed genes (DEGs) between AgNPs1/CK
and AgNPs2/CK comparisons were identied using stringent
criteria (adjusted p-value < 0.05 and jlog2Fold Changej $1,
corresponding to a minimum 2-fold change). Volcano plots
were subsequently generated by plotting gene relative abun-
dance against p-value (Fig. S6).

Compared to the CK, AgNPs1 treatment induced signicant
upregulation of 1262 unigenes and downregulation of 993
unigenes, while AgNPs2 treatment resulted in more
pronounced changes with 2877 upregulated and 1535 down-
regulated unigenes. Furthermore, AgNPs2 treatment showed
1556 upregulated and 348 downregulated unigenes relative to
AgNPs1 (Fig. S5A). Venn diagram analysis identied 486 DEGs
common to all three comparison groups. The pairwise
comparisons revealed group-specic responses: AgNPs1 vs. CK
contained 423 unique DEGs, AgNPs2 vs. CK showed 1727 uni-
que DEGs, and AgNPs2 vs. AgNPs1 exhibited 283 unique DEGs
(Fig. S5B).
Fig. 4 The Pearson correlation analysis in rice primary root after exposur
AgNPs 2: 10 mg L−1).

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.4.2 GO and KEGG pathway analysis of DEGs. GO offers
a set of dynamic, controlled, and structured terminologies to
describe gene functions and products in any organism. Under
AgNPs@PEI exposure, DEGs are enriched as GO terms. As
shown in Fig. 5, the top 20 signicant terms are mainly based
on three categories: molecular function (MF), cellular compo-
nent (CC), and biological process (BP). GO enrichment analysis
of the DEGs in AgNPs1 vs. CK showed that they were more
enriched into cell periphery (GO:0071944), extracellular region
(GO:0005576), cell wall (GO:0005618), external encapsulating
structure (GO:0030312), plasma membrane (GO:0005886),
transmembrane transport (GO:0055085), and catalytic activity
(GO:0003824) (Fig. 5A). The DEGs in AgNPs2 vs. CK were more
enriched into extracellular region (GO:0005576), cell wall
(GO:0005618), external encapsulating structure (GO:0030312),
tetrapyrrole binding (GO:0046906), and heme binding
(GO:0020037) (Fig. 5B). The DEGs in AgNPs2 vs. AgNPs1 were
more enriched into cell periphery (GO:0071944), plasma
membrane (GO:005886), extracellular region (GO:0005576),
membrane (GO:0016020), intrinsic component of membrane
(GO:00031224), and catalytic activity (GO:0003824) (Fig. 5C).
Previous transcriptomic investigations have established that
AgNPs elicit distinct gene expression proles in plants. Kaveh
et al. demonstrated that exposure to 5 mg L−1 AgNPs resulted in
286 upregulated and 81 downregulated genes in Arabidopsis,
with only 13–21% overlap with Ag+-responsive genes, suggesting
that the majority of transcriptional responses are specic to the
nanoparticulate form.57 Furthermore, Kohan-Baghkheirati and
Geisler-Lee uncovered 111 genes that were exclusively respon-
sive to AgNPs and not regulated by other abiotic stressors (cold,
e to AgNPs treatment and CK for 3 days (CK: control AgNPs1: 5 mg L−1

RSC Adv., 2026, 16, 15187–15203 | 15193
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Fig. 5 GO enrichment analysis (A) AgNPs1 vs. CK (B) AgNPs2 vs. CK (C)
AgNPs2 vs. AgNPs1 (AgNPs1: 5.0 mg L−1 AgNPs2: 10.0 mg L−1).
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salt, drought, heat).58 These genes were found to be enriched in
three key biological functions: response to fungal infection,
anion transport, and cell wall/plasma membrane-related
processes. These ndings underscore that AgNPs operate
through nanoparticle-specic mechanisms beyond simple Ag+

ion toxicity.
In order to further study the differential genes, KEGG

pathway analysis was performed. The top 20 signicantly
enriched pathways from three comparison groups were selected
for bubble plot visualization. It was found that phenyl-
propanoid biosynthesis (osa00940), lipid metabolism
(osa01040, osa00062), glutathione metabolism (osa00480), and
amino acid metabolism (osa00400, osa00460, osa00280,
osa00350) were consistently signicantly enriched across all
three comparisons (Fig. S7).

In the phenylpropanoid biosynthesis pathway (Fig. S8), the
comparison groups exhibited signicant enrichment of 52 (44
up-regulated, 8 down-regulated), 73 (62 up-regulated, 11 down-
regulated), and 32 (28 up-regulated, 4 down-regulated) genes,
respectively. These enriched genes encode key enzymes,
including 4-coumarate-CoA ligase (4CL), cinnamoyl-CoA
15194 | RSC Adv., 2026, 16, 15187–15203
reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD).
The results indicate that CYP84A plays a central role in cata-
lyzing the conversion of ferulic acid to 5-hydroxyferulate and its
downstream derivatives, namely sinapoyl-CoA, sinapaldehyde
and sinapyl alcohol. This pathway ultimately leads to the
biosynthesis of lignin monomers: guaiacyl lignin, 5-hydrox-
yguaiacyl lignin, and syringyl lignin.

The transcriptomic proling revealed that AgNPs@PEI
exposure induced extensive reprogramming of glutathione S-
transferase (GST) genes in rice primary roots, with 10, 20, and
13 GST-related genes signicantly upregulated, and 2, 2, and 1
genes downregulated, across the three comparative groups,
respectively (Fig. S9). These ndings indicate substantial acti-
vation of glutathione metabolism, a critical cellular defense
mechanism. GSTs constitute a multifunctional protein family
involved in abiotic stress defense, metal detoxication, and
auxin homeostasis regulation.59,60 Previous studies have
demonstrated that specic GST isoforms (e.g., Arabidopsis
AtGSTU17, sorghum SbGSTU, and Lycium barbarum LbGST1/
LbGST) enhance stress tolerance through modulation of anti-
oxidant enzyme activity and maintenance of cellular redox
homeostasis.61–63 Therefore, we hypothesize that the observed
upregulation of GST-related genes contributes to the enhanced
tolerance of rice primary roots to AgNPs@PEI exposure via
improved detoxication capacity and redox balance.
3.5 The primary root cell metabolomics in response to
AgNPs

3.5.1 Identied metabolites and differential metabolites
analysis. Through non-targeted LC-MS/MS metabolomics, the
global metabolic responses of rice primary roots to AgNPs@PEI
exposure were investigated. Multivariate analysis (PCA and PLS-
DA) revealed clear metabolic distinctions between control and
treated groups (Fig. S10), conrming AgNPs@PEI-induced
metabolic reprogramming. PLS-DA modeling (VIP>1, p < 0.05)
identied 493 DEMs (Fig. S11) with distinct response patterns:
AgNPs1 treatment altered 208 metabolites (112 metabolites up-
regulated/96 metabolites down-regulated) relative to control,
while AgNPs2 affected 172 metabolites (97 metabolite up-
regulated/76 metabolites down-regulated). Comparative anal-
ysis between AgNPs2 and AgNPs1 groups revealed 113 differ-
entially regulated metabolites (64 metabolites up-regulated/49
metabolites down-regulated). Hierarchical clustering (Fig. S12)
classied these DEMs into four major categories: lipids
(26.41%), amino acids (14.11%), carbohydrates (8.27%) and
nucleotides (4.84%), demonstrating the systemic metabolic
disruption caused by AgNPs@PEI in rice primary roots.

3.5.2 Pathway analysis of DEMs. To delineate themetabolic
responses to AgNPs exposure in primary roots, KEGG functional
annotation and pathway enrichment analyses were conducted.
As illustrated in Fig. S13, eight, thirteen, and two signicantly
enriched metabolic pathways (P < 0.05) across different treat-
ment groups were identied under different treatment condi-
tions, with ve core pathways consistently perturbed: (1)
unsaturated fatty acid biosynthesis, (2) ABC transporters, (3)
pyrimidine metabolism, (4) TCA cycle, and (5) alanine/
© 2026 The Author(s). Published by the Royal Society of Chemistry
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aspartate/glutamate metabolism. The identied pathways were
closely linked to 24 differentially expressed metabolites (DEMs),
comprising: (i) six amino acids involved in nitrogen metabo-
lism, (ii) four carbohydrates central to energy homeostasis, (iii)
six fatty acids critical for membrane integrity, and (iv) eight
nucleotides essential for nucleic acid metabolism.64 The 24
identied DEMs, whose relative abundance proles are pre-
sented in Fig. 6, include six amino acids, particularly note-
worthy given their established role as sensitive metabolic
indicators of stress responses in plants. Numerous studies have
demonstrated that amino acids frequently undergo signicant
concentration changes when plants encounter environmental
stressors65–67 In this study, we observed signicant alterations in
the relative abundance of GABA, DL-glutamic acid, alanine,
argininosuccinic acid, L-leucine, and L-proline in both AgNPs1
and AgNPs2 treatment groups. Notably, DL-glutamic acid
exhibited an upward trend in the osa00330 metabolic pathway
when comparing AgNPs2 vs. CK and AgNPs2 vs. AgNPs1. As
a pivotal amino acid in protein metabolism, glutamic acid
exerts dual effects on the growth and development of rice
primary roots. On one hand, insufficient glutamic acid supply
reduces protein synthesis efficiency, thereby failing to meet the
protein demands for rice primary root growth and consequently
exerting detrimental effects.68 On the other hand, as an acidic
amino acid, glutamic acid accumulation alters the extracellular
pH environment, creating an acidic environment that inhibits
root growth. Previous studies have demonstrated that elevated
glutamic acid concentrations inhibit primary root growth in
both Arabidopsis and rice.69–72 We therefore hypothesize that
overexpression of glutamic acid may suppress rice primary root
growth. The unsaturated fatty acids, including a-linolenic acid,
docosahexaenoic acid, and oleic acid, exhibited decreased levels
in the three comparison groups. The saturated fatty acids,
behenic acid and stearic acid, showed similar downward trends,
with only palmitic acid expression increasing. Increased fatty
acid unsaturation enhances cell membrane uidity.73,74 As the
three groups of comparative results show that the levels of both
saturated and unsaturated fatty acids are down-regulated, it can
be concluded that AgNPs negatively impacted the cell
membrane uidity of rice primary roots, thus disrupting critical
cellular activities such as material transport, energy conversion,
and signal transduction across the membrane.75,76
3.6 Analysis of the key metabolic pathway

Through integrated transcriptomic and metabolomic proling,
we systematically investigated several critical metabolic path-
ways implicated in cellular structural integrity: (i) carbohydrate
metabolism pathways (galactose metabolism, KEGG osa00052),
(ii) protective lipid biosynthesis pathways (cutin/suberin/wax
biosynthesis, osa00073 and glycerophospholipid metabolism,
osa00564), and (iii) stress-responsive nitrogen metabolism
pathways (arginine/proline metabolism, osa00330 and purine
metabolism, osa00230). While metabolomic investigations of
AgNPs effects on rice roots remain limited, studies in wheat,
a closely related monocot, have demonstrated that AgNPs
exposure reduces galactose levels in roots, impairing the
© 2026 The Author(s). Published by the Royal Society of Chemistry
synthesis of arabinogalactans critical for cell wall integrity.77

This is consistent with our observation of galactose metabolic
network disruption and mannose uctuation in rice primary
roots, suggesting conserved mechanisms of nanoparticle-
induced cell wall damage in cereals.

Fig. 7 illustrates profound disturbances in galactose metab-
olism in rice primary roots under AgNPs@PEI exposure, char-
acterized by: (i) substantial transcriptional reprogramming (10,
15, and 6 DEGs across the three comparison groups), (ii)
metabolic ux alterations (3, 2, and 4 DEMs), and (iii) consistent
accumulation of inositol galactosides. Specically, the persis-
tent upregulation of galA (log2FC > 2.0, p < 0.01 in all groups)
highlights its central regulatory function in maintaining
galactose homeostasis during nanoparticle stress. Mechanisti-
cally, the elevated inositol galactoside levels, a hallmark of
raffinose family oligosaccharide metabolism, likely serve dual
physiological roles: as osmoprotectants maintaining cellular
turgor pressure through osmotic adjustment, and as signaling
molecules modulating membrane permeability to preserve
cellular integrity under stress conditions. These coordinated
responses between galA-mediated transcriptional control and
GOLS-associated metabolic adjustments demonstrate a sophis-
ticated adaptation mechanism in the galactose metabolic
network. Moreover, the integrated analysis reveals that AgNPs
exposure signicantly perturbs key metabolic components
involved in cell wall-associated carbohydrate homeostasis.78,79

Specically, mannose, a structural hexose critical for hemi-
cellulose formation and cell wall assembly through its interac-
tions with cellulose and pectin,80 exhibited contrasting
regulation patterns, signicant downregulation under AgNPs1
treatment versus marked upregulation with AgNPs2 exposure.
This response was accompanied by dynamic uctuations in
galactinol and sucrose levels, suggesting their involvement in
both cell wall remodeling and osmotic adjustment. Concur-
rently, activation of the a-galactosidase-encoding gene malZ
drove galactose catabolism, leading to signicant accumulation
of melibiose, while upregulation of sucrose invertase promoted
sucrose hydrolysis into D-fructose. These multi-faceted effects
ultimately disrupt the galactose metabolic network, compro-
mise energy supply, and destabilize cell wall integrity during
early root growth, revealing the sophisticated metabolic toxicity
of AgNPs exposure in primary root.

Our integrated omics analysis revealed that AgNPs@PEI
exposure signicantly reprogrammed protective lipid biosyn-
thesis in rice primary roots, with distinct molecular signatures
observed for cutin, suberin, and wax pathways (Fig. 8). Speci-
cally, transcriptomic proling identied 9, 11, and 4 DEGs
signicantly enriched in these pathways, respectively, while
metabolomic analysis detected 5, 5, and 0 corresponding DEMs,
demonstrating a predominant transcriptional regulation over
metabolic alteration. These protective lipids serve distinct yet
complementary structural functions: cutin and wax form
hydrophobic surface barriers that minimize water loss and
provide defense against pathogen invasion,81 whereas suberin,
a complex polymer containing fatty acids and phenolic
components (notably sinapic acid and coumarins), is strategi-
cally deposited between the plasma membrane and cell wall to
RSC Adv., 2026, 16, 15187–15203 | 15195
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Fig. 6 The box plots display the relative abundance of amino acids, nucleotides, fatty acids, and carbohydrates across the 24 differentially
expressed metabolites (DEMs) identified. The center line inside the box represents the median, while the lower and upper bounds of the box
indicate the 25th and 75th percentiles, respectively. The whiskers represent the entire data range (minimum andmaximum). All data are based on
n = 6 biological replicates per group (AgNPs1: 5.0 mg L−1 AgNPs2: 10.0 mg L−1).

15196 | RSC Adv., 2026, 16, 15187–15203 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic diagram of rice primary root galactose metabolism.

Fig. 8 Schematic diagram of rice primary root cutin, suberin and wax biosynthesis.
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reinforce cellular boundaries under stress.82,83 The observed
differential regulation of these pathways suggests that AgNP-
s@PEI triggers active cell wall remodeling responses in primary
roots. Previous studies have demonstrated that cytochrome
P450 enzymes, particularly CYP86A1 and CYP86B1, are speci-
cally highly expressed in the endodermal tissues of Arabidopsis
thaliana.84–86 These enzymes play pivotal roles in the suberin
biosynthesis pathway. Specically, CYP86A1 contributes to
© 2026 The Author(s). Published by the Royal Society of Chemistry
suberin formation by catalyzing the generation of u-hydroxy
fatty acid monomers, a function that has been experimentally
conrmed in both Arabidopsis roots and potato tuber peri-
derm.87 As shown in Fig. 8, we identied signicant upregula-
tion of CYP86A4 and CYP86B1 homologs in rice following
AgNPs@PEI exposure. It has been proposed that under abiotic
stress conditions, CYP86A1 and CYP86B1 are transcriptionally
activated by heavy metals and drought, functioning as
RSC Adv., 2026, 16, 15187–15203 | 15197
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molecular switches that convert the endodermis from a passive
barrier into an active, stress-reinforced shield.88,89 In the present
study, the marked induction of CYP86A4 and CYP86B1 homo-
logs in AgNPs@PEI-exposed rice roots indicates that silver
nanoparticles trigger this conserved barrier-reinforcement
program. The resulting suberin accumulation likely consti-
tutes a pathological sealing of the endodermis, disrupting the
apoplastic transport of water and nutrients and contributing to
the observed growth inhibition in primary roots.

The structural integrity of biological membranes relies on
glycerophospholipid bilayers, which are constructed through
the glycerol-3-phosphate backbone. Metabolomic analysis
revealed that sodium glycerol-3-phosphate levels were signi-
cantly downregulated in both AgNPs1 and AgNPs2-treated
Fig. 9 Schematic diagram of rice primary root glycerophospholipid
metabolism.

Fig. 10 Schematic diagram of rice primary root arginine and proline me

15198 | RSC Adv., 2026, 16, 15187–15203
groups compared to CK (Fig. 9). This reduction in a key meta-
bolic intermediate disrupts glycerophospholipid biosynthesis,
ultimately compromising cellular membrane stability.90 Phos-
pholipase C (Os03g0852800, OsNPC3) and lysophospha-
tidylcholine (LPC) were signicantly upregulated across three
comparative groups, suggesting that AgNPs@PEI substantially
disrupts membrane lipid remodeling and signal transduction
processes. While LPC plays a crucial role in regulating
membrane uidity and cellular signaling, excessive accumula-
tion can induce membrane destabilization and even trigger cell
death.91,92 In contrast, phosphatidylcholine (PC) showed
signicant upregulation only in the AgNPs1 vs. CK comparison,
with no differential regulation observed in AgNPs2 vs. CK. This
lack of response at higher exposure levels (AgNPs2) may indi-
cate that the stress threshold for PC-mediated membrane
adaptation was exceeded in the rice seminal root. These
observations suggest either membrane lipid peroxidation
damage or the activation of specic stress-responsive signaling
pathways.

Amino acids serve as crucial energy-related metabolites in
plants, participating in diverse physiological processes
including hormone regulation, energy metabolism, and cellular
growth.93 Substantial evidence demonstrates their pivotal roles
in plant stress responses to various abiotic challenges,
including metal toxicity and drought conditions.94,95 Our anal-
ysis revealed signicant alterations in arginine metabolism
across all three comparative groups, with 3, 9, and 7 DEGs and
4, 5, and 2 DEMs identied, respectively. Similarly, proline
metabolism showed notable changes, with 9, 7, and 5 DEGs and
5, 2, and 4 DEMs detected (Fig. 10). Interestingly, while the
peptide metabolite pip was consistently upregulated across all
groups, both metabolic abundance and transcriptional levels of
proline displayed decreasing trends. This nding is particularly
noteworthy given proline's well-established function in main-
taining cellular osmotic balance, stabilizing membrane-
associated protein structures, and preventing membrane
deformation.96,97 Therefore, the reduction in proline content
may affect the morphological structure of the cell membrane in
tabolism.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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rice primary roots. Furthermore, aldehyde dehydrogenase
(ALDH) was signicantly expressed in all three groups, and g-
aminobutyric acid (GABA) was signicantly upregulated in the
AgNPs treatment group. GABA accumulation represents a well-
documented physiological response to diverse abiotic stresses,
including water decit, temperature extremes, and salinity.98,99

In Arabidopsis, elevated GABA levels have been shown to
downregulate genes involved in secreted protein production
and cell wall biosynthesis, ultimately resulting in root cell
elongation defects. The phenotypic effects of GABA likely result
from its complex interplay with phytohormones such as ABA
and ethylene.100 Based on these observations, we propose that
growth inhibition induced by AgNPs in rice primary roots may
bemediated, at least in part, by GABA overexpression disrupting
hormonal homeostasis. This perturbation could potentially
alter the balance between root growth promotion and inhibition
pathways.

Purine metabolism represents a key metabolic pathway for
plant growth and development, participating in both precursor
synthesis for DNA/RNA and diverse physiological and metabolic
processes in cells.101,102 In the purinemetabolism pathway, there
are 8, 9, 1 DEGs and 5, 5, 2 DEMs were signicantly enriched,
respectively (Fig. 11). Among DEMs identied, the relative
abundance of nucleotide-related compounds all exhibited
decline including cytidine, inosine, uridine, deoxycytidine,
adenosine, thymidine, and thymine (Fig. 6). The upregulation
of adenosine deaminase (ADA) across all groups led to down-
regulation of its substrate, hypoxanthine nucleoside, in AgNPs-
treated groups. Concurrently, increased transcriptional levels of
Fig. 11 Schematic diagram of rice primary root purine metabolism.

© 2026 The Author(s). Published by the Royal Society of Chemistry
phosphoglucomutase (pgm) and accumulation of its product
ribose-5-phosphate indicated activation of the purine salvage
synthesis pathway to sustain energy supply. Collectively, AgNPs
disrupt energy homeostasis in purine metabolism, driving
adaptive metabolic reprogramming to mitigate toxicity.

4 Conclusion

This study systematically elucidated the phytotoxic mecha-
nisms of AgNPs in rice primary roots through integrated
morphological, physiological, and molecular levels. Exposure to
AgNPs disrupted the physiological metabolism of rice primary
roots, leading to growth inhibition. Transcriptomic proling
revealed that DEGs were predominantly enriched in pathways
related to transmembrane transport, redox enzyme activity in
the cell wall, and external encapsulating structure formation.
Metabolomic analysis demonstrated that AgNPs exposure
signicantly altered metabolic pathways, particularly those
involving amino acids, organic acids, nucleic acids, and
carbohydrates. Notably, AgNPs compromised energy supply for
early root growth by disrupting galactose metabolism.
Comprehensive analysis revealed that AgNPs-induced impair-
ment of cell wall and membrane growth primarily stems from
disruptions in critical metabolic pathways, including phenyl-
propanoid biosynthesis, amino acid metabolism, galactose and
carbohydrate metabolism, and glycerophospholipid metabo-
lism. These ndings provide novel insights into the phytotox-
icity of AgNPs from the perspective of plant primary tissues.
Given the absence of control groups for dissolved silver ions and
the PEI coating, the effects observed on primary roots in this
study should be interpreted as the integrated biological
response to AgNPs@PEI. Further research is needed to quanti-
tatively distinguish the contributions of the nanoparticles
themselves, dissolved silver ions, and the PEI coating. In addi-
tion, we will further investigate the effects of AgNPs with varying
surface modications on rice primary roots and validate the
impact of AgNPs on primary root development under soil
conditions, thereby providing a more comprehensive and
generalized understanding of the underlying mechanisms.
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untargeted metabolomics raw data have been deposited in the
MetaboLights repository under accession number
MTBLS13693.
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have been clearly indicated in the corresponding sections of the
main text. See DOI: https://doi.org/10.1039/d5ra05319f.
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