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Abstract

Advances in plant genetic engineering hold significant promise for addressing urgent global food security needs. Nevertheless, con-
ventional biomolecule delivery techniques, such as Agrobacterium-mediated transformation and biolistics, are hindered by inherent
limitations, including narrow host compatibility, inconsistent efficiency, and unintended tissue damage. Nanotechnology has arisen as a
transformative approach that exploits the tunable physicochemical properties of nanomaterials to bypass biological barriers, facilitating
efficient, non-invasive, and species-independent nucleic acid delivery in plants. While prior reviews have acknowledged nanomaterials
as promising delivery vehicles, key mechanistic and functional dimensions remain insufficiently explored. This review summarizes re-
cent breakthroughs in nanomaterial-based delivery systems, emphasizing innovative uptake mechanisms, intracellular trafficking, and
systemic transport processes. Additionally, this review explores the dual functionality of nanomaterials, which serve not only as efficient
nucleic acid carriers but also as active biostimulants that enhance nutrient assimilation, stress tolerance, and innate immunity in plants.
These multifaceted roles underscore the importance of incorporating such dual capabilities into the rational design of plant-specific
nanocarriers. By integrating these insights, this work offers a comprehensive framework to support the development of efficient and
sustainable nano-delivery platforms for next-generation plant genetic engineering.
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Introduction
Given the growing global demand for food and en-

vironmental challenges associated with conventional pes-
ticides, plant biotechnology has gained significant impor-
tance. Genome editing in plants offers a promising ap-
proach to enhance crop yield and strengthen resistance
to pathogens and environmental stresses [1,2]. However,
the foundation of such genetic engineering lies in the safe
and efficient delivery of extracellular genetic material into
host plants to precisely modify genomes or regulate ge-
netic machinery. Although established methods, including
Agrobacterium-mediated transformation, viral vector sys-
tems, and biolistics (gene gun), have been widely used for
intracellular delivery in plants [3–5], these approaches face
limitations such as host range, random integration of trans-
genes, limited cargo size, and potential tissue damage [6–

8]. Therefore, there is an urgent need to develop innovative
strategies to overcome these constraints and enable efficient
intracellular transport in plants.

With the rapid advancement of nanotechnology, nano-
materials have emerged as promising platforms for the de-
livery of extracellular substances such as genes, proteins,
pharmaceuticals, and other bioactive compounds into plant
cells owing to their distinctive properties, including high
surface area-to-volume ratios, tunable size, morphology,
and excellent biocompatibility [8–10]. Nanomaterial-based
delivery systems facilitate the non-destructive transport of
large nucleic acid cargoes across diverse plant species. By
offering high loading efficiency and broad host compati-
bility, these platforms represent a transformative advance-
ment in plant genetic engineering [11,12]. Despite these
progress, nanomaterials currently used still exhibit limi-
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tations in terms of delivery efficiency and duration, and
more investigations involving the long-term safety are yet
required. In addition, the interaction between nanomateri-
als and plants remains poorly understood, particularly given
the structural and compositional complexity of plant tis-
sues, as well as the cellular environment, which signifi-
cantly influences delivery outcomes. For instance, the plant
cell wall, composed of cellulose and pectin, serves as a
natural barrier that typically permits only particles rang-
ing from 5 to 20 nanometers in diameter to pass through
[13,14]. The cuticle and waxy layers on the plant epider-
mis further impede the delivery of exogenous substances
[15–17]. Preliminary studies suggested that nanoparticles
(NPs) with ultrasmall sizes, high aspect ratios, and op-
timized surface charges exhibit enhanced ability to over-
come these barriers [18–20]. Moreover, approaches like
enzyme-assisted transient degradation of the cuticle have
shown promise in improving nanoparticle penetration [21].
A comprehensive understanding of delivery processes at
both systemic and cellular levels is crucial for the ratio-
nal design of nanocarriers. This encompasses the com-
prehension of transport through xylem and phloem, cell-
to-cell movement, cellular uptake, intracellular trafficking,
cytosolic release, and subcellular targeting. Acquisition of
this knowledge will enhance the delivery efficiency, mini-
mize unintended effects on plant function, and facilitate the
development of advanced tools for plant biotechnology and
genetic engineering.

This review systematically examines the limitations of
conventional plant genetic engineering and offers a com-
prehensive overview of recent advances in nucleic acid de-
livery into plants using synthetic nanomaterials. Further-
more, given the limited understanding of NPs’ internaliza-
tion processes in plants, we specifically summarize the lat-
est insights into NPs’ uptake, transport, and translocation
within plant systems. Additionally, the review systemati-
cally analyzes nano-plant interactions and evaluates the bio-
logical effects of NPs on plant growth and development. By
integrating current progress in nanomaterial applications
with mechanistic insights, this work establishes a theoreti-
cal foundation for developing efficient and versatile nucleic
acid delivery systems, thereby contributing to the advance-
ment of plant genetic engineering and precision agriculture.

Conventional Plant Genetic Engineering
Methods

The efficient and precise delivery of nucleic acid
molecules into plant cells is crucial for advancing gene edit-
ing, regulating gene expression, and screening for desir-
able crop traits. Nonetheless, the unique architecture of
the plant cell wall, coupled with complex physiological
barriers and the intrinsic instability of nucleic acids, poses
considerable technical challenges to the delivery process.
To overcome these obstacles, researchers have developed
several biomolecule delivery techniques over the past few

decades, as summarized in Table 1. Biological delivery sys-
tems, including Agrobacterium-mediated and viral vector-
based approaches, leverage natural intrinsic transport ma-
chinery to achieve high delivery efficiency [6,22]. How-
ever, their utility is limited by host specificity and con-
straints on cargo size [22,23]. Conversely, physical de-
livery techniques encompassing electroporation, biolistic
particle bombardment, and microinjection circumvent host
range restrictions by creating transient openings in cellular
membranes for direct cytosolic introduction of nucleic acids
[24–26]. Nevertheless, these approaches are often associ-
ated with tissue damage and high equipment costs, thereby
hindering their widespread practical implementation.

Agrobacterium-Mediated Transformation

Agrobacterium-mediated genetic transformation has
been a fundamental and indispensable technique for the
precise and efficient introduction of exogenous genes into
plant genomes since the 1980s [23,42]. The foundation of
this technology was laid when a class of large plasmids in
Agrobacterium tumefaciens known as Ti (tumor-inducing)
plasmids were identified and isolated [43]. Subsequently,
in 1977, it was demonstrated that the transfer DNA (T-
DNA) of the Ti plasmid possesses the natural ability to de-
liver foreign DNA into plant cells and integrate it into the
host genome [44]. Subsequent studies in 1980 revealed that
virulence (vir) genes were activated during infection [45].
In this process, the bacterium specifically recognized phe-
nolic compounds released by the wounded plant tissue and
subsequently triggered the expression of vir genes. The
resulting vir proteins were crucial for the excision, trans-
fer, and integration of T-DNA into the plant genome [46–
49]. To enable biotechnological applications, the tumor-
inducing genes were removed from the Ti plasmid, abol-
ishing pathogenicity while retaining its DNA delivery func-
tion. [50,51]. This modification has established Agrobac-
terium tumefaciens as a highly effective and widely adopted
tool for plant genetic transformation.

Owing to its efficient natural gene delivery capability,
Agrobacterium-mediated transformation has been widely
employed to introduce genes of interest into various plant
species such as tobacco and wheat [27,28,52]. Neverthe-
less, this technique remains constrained by several limita-
tions, including a narrow host range that particularly im-
pedes the transformation of major cereal crops like wheat
and corn; random T-DNA integration, which may cause
positional effects or unintended gene disruption; and gen-
erally low transformation efficiency that exhibits signifi-
cant variability across plant species and tissue types [6,53].
In response to these challenges, current research endeav-
ors are focused on engineering Agrobacterium strains with
expanded host infectivity [54,55], as well as integrating
CRISPR/Cas systems with Agrobacterium virulence genes
to improve the precision and efficiency of transgene inte-
gration [27,56–58].
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Table 1. Traditional genetic transformation methods.
Delivery methods Cargoes Principle Limitation Ref.

Agrobacterium-mediated T-DNA The T4 system employs a set of Vir pro-
teins to excise and mediate the transcel-
lular transport of T-DNA segments, fa-
cilitating their integration into the host
plant genome.

Random integration into the
host genome; limited host
range.

[6,23,
27,28]

CRISPR-Cas Cas9 protein, sgRNA,
RNPs (Ribonucleo-
proteins).

The gRNA directs the Cas nuclease to
a specific DNA site via base pairing,
where it creates a double-strand break
(DSB) to trigger targeted genome edit-
ing.

Off-target effects; the large size
of Cas9; low stability; the plant
cell wall barrier.

[7,29]

Virus-mediated DNA, RNA
(siRNA/miRNA)

Viral vectors enable concurrent delivery
of packaged nucleic acids to plant tissues
through their intrinsic infection machin-
ery.

Limited cargo size [22,30–
33]

Electroporation Various nucleic
acids (DNA,
siRNA/miRNA)

Exogenous nucleic acids enter the cells
via transient pores in the plant cell mem-
brane induced by high-voltage electric
pulses.

Tissue damage; limited cargo-
carrying capacity; low delivery
efficiency.

[24,34–
36]

Biolistic gene gun Various nucleic acids,
RNPs

Metal particles coated with nucleic acids
are accelerated by high-pressure gas to
traverse cellular membranes, facilitating
the delivery of genetic material.

Metal particles may induce cy-
totoxicity; gene rearrangement
or multi-copy insertion; tissue
damage.

[25,37–
39]

Microinjection Various nucleic acids,
Plasmid

Directly delivers nucleic acids
(DNA/RNA) into cells using a fine
glass micropipette.

Equipment cost; low through-
put; cell damage risk.

[26,40,
41]

CRISPR-Cas System

The advent of CRISPR-Cas technology has marked
a paradigm shift in plant genome editing. By deliver-
ing Cas nucleases (e.g., SpCas9, Cas12a) alongside guide
RNAs (gRNAs) or as pre-assembled ribonucleoprotein
(RNP) complexes, researchers can achieve precise genetic
modifications, including knockouts, insertions, and base
editing [29,59,60]. Conventional delivery methods en-
compass Agrobacterium-mediated transformation, biolis-
tics, and protoplast transfection. For example, targeting
the phytoene desaturase (PDS) gene in Nicotiana ben-
thamiana (N. benthamiana) via Agrobacterium carrying the
CRISPR-Cas system has successfully yielded albino phe-
notypes, serving as a robust visual assay for editing effi-
ciency [61]. Despite its utility, Agrobacterium-mediated
delivery is hampered by random DNA integration and host
genotype recalcitrance, especially in monocots [13]. Al-
ternatively, biolistic bombardment has been utilized to co-
deliver Cas9 and sgRNA (single-guide RNA) plasmids into
rice calli [14]. However, this technique is often limited by
low transformation efficiencies and the risk of collateral ge-
nomic or cellular damage. These limitations underscore the
critical need for the development of novel, high-efficiency,
andminimally invasive delivery platforms for CRISPR-Cas
systems in plants.

Viral Vectors

Viral vectors, which utilize plant viruses as vehicles
for nucleic acid delivery, introduce foreign sequences into
plant cells via viral infection and thereby enable either tran-
sient gene expression or RNA interference (RNAi). Build-
ing on this principle, virus-induced gene silencing (VIGS)
was developed to exploit the plant’s endogenous post-
transcriptional silencing machinery, inducing RNAi against
specific host genes and conferring resistance to systemic vi-
ral infection [62,63]. Several engineered plant viral vec-
tor systems, including tobacco mosaic virus (TMV) [30],
tomato golden mosaic virus (TGMV) [31], and tobacco rat-
tle virus (TRV) [32,33] have been adapted for foreign pro-
tein expression or RNAi induction [22,64,65]. These plat-
forms are widely applied in the transient production of re-
combinant proteins such as vaccines, monoclonal antibod-
ies, and industrial enzymes. Despite these advantages, viral
vector applications are constrained by a narrow host range,
limited transgene capacity, and the potential to trigger host
immune responses, which may compromise vector stability
and transgene expression [63].

Electroporation

Electroporation is a widely adopted physical delivery
technique that employs high-intensity electrical pulses to
create transient pores in the cell membrane, thereby facili-
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tating the efficient cytoplasmic transfer of DNA and RNA
into plant cells [34,66,67]. The technique is valued for its
rapid transfection, adaptability to diverse cell types, and
ability to process large cell populations simultaneously. Al-
though electroporation has been successfully used to trans-
fer exogenous genes into various plant materials, including
protoplasts, suspension cultures, tissue sections, and intact
explants [68,69]. Its utility is still constrained by signif-
icant drawbacks. The high-voltage electrical pulses might
cause considerable physical stress to cells, often resulting in
membrane damage, reduced viability, and limited transfec-
tion efficiency, especially in sensitive systems such as pro-
toplasts [8,70]. Optimizing parameters like material type,
pulse conditions, and buffer composition remains critical
to improving its practicality.

Biolistic Particle Delivery

The biolistic method, also known as particle bombard-
ment, is a physical approach for delivering biomolecules
into plant cells. It utilizes high-velocity microprojectiles to
traverse cell walls and membranes. Early studies demon-
strated that microprojectiles propelled at high speeds could
penetrate the cell wall and membrane of Allium cepa epi-
dermal tissues without causing significant damage, thereby
successfully delivering DNA into the cells [71]. This find-
ing established particle bombardment as a promising plat-
form for intracellular DNA delivery in plants. Subse-
quent work extended its application to monocot systems,
where plasmid DNA encoding the chimeric chlorampheni-
col acetyltransferase (CAT) gene was adsorbed onto tung-
sten particles and then accelerated via a gene gun to pene-
trate suspension-cultured maize cells, effectively overcom-
ing cellular barriers [38]. Since then, the technique has been
adapted for transforming a wide range of recipient mate-
rials, such as protoplasts, callus tissues, and even pollen
[12,72,73]. It has also been adapted for the delivery of
non-DNA molecules, including small RNAs and mRNAs
[39,74,75].

Compared to Agrobacterium tumefaciens-mediated
plant transformation, this technique allows for the direct use
of purified circular or linear plasmid DNA, as well as PCR
amplicons for particle bombardment. Additionally, mul-
tiple DNA fragments containing different gene of interest
cassettes can be mixed and co-bombarded into plant cells
or tissues. Although the biolistic method enables physical
delivery of nucleic acids into plant cells without the need
for biological vectors, its comparatively low efficiency of
gene integration often requires extensive screening to iso-
late transgenic lines exhibiting stable foreign gene expres-
sion [76]. Furthermore, the high equipment cost associated
with gene gun systems further restricts its broad application
[77,78].

Microinjection
Microinjection is a physical delivery technique that

enables the direct introduction of DNA or proteins into
the cytoplasm of plant cells or embryos through fine mi-
cropipettes capable of penetrating the cell wall and plasma
membrane. This method allows precise targeting of exoge-
nous genetic material to specific intracellular compartments
and thereby facilitates stable genomic integration, transfor-
mation, and gene expression [26]. The microinjection sys-
tem was originally established for delivering DNA into to-
bacco mesophyll protoplasts. By immobilizing protoplasts
in a thin layer of agarose- or alginate-solidified medium
and co-injecting FITC-dextran as a tracer, they achieved
targeted cytoplasmic delivery of DNA. This approach led
to efficient transient expression and stable transformation
of the foreign gene [40]. In another study, CRISPR-Cas
reagent delivery via electroporation was compared with
single-cell microinjection in Euglena gracilis. While elec-
troporation of Cas9 ribonucleoproteins (RNPs) yielded low
editing efficiency, microinjection enabled precise intracel-
lular transfer and significantly improved editing outcomes
[41]. This finding demonstrated its potential for geneticma-
nipulation in photosynthetic microalgae and other recalci-
trant plant systems. Despite its broad applicability, the mi-
croinjection technique requires specialized equipment and
technical expertise, suffers from low throughput, and car-
ries a risk of causing cellular damage, which collectively
limit its widespread use [40,79].

While conventional plant genetic engineering has
been pivotal for crop improvement, its efficacy is often
hindered by limitations such as random genomic integra-
tion, low transformation efficiency, and heavy reliance on
specialized equipment. To overcome these bottlenecks,
nanomaterial-mediated delivery systems have emerged as a
versatile alternative. Leveraging tunable physicochemical
properties and superior biocompatibility, these nanocarriers
can effectively traverse the cell wall and plasma membrane
barriers to deliver a wide range of functional biomolecules
like DNA, RNA, and protein. Unlike traditional methods,
nanotechnology-based strategies often bypass tissue cul-
ture requirements, thereby minimizing the risks of gene
silencing and unintended DNA integration. Furthermore,
their non-invasive nature and genotype-independent deliv-
ery broaden the scope for cross-species applications.

Nanomaterial-Mediated Delivery Systems
Nanomaterial-based delivery systems offer distinct

advantages, including host species independence and non-
invasive delivery compared to conventional genetic tech-
niques. These features enable its broad applicability across
diverse plant species frommonocots to dicots without caus-
ing physical damage. Notably, these systems can efficiently
deliver a wide range of nucleic acids, such as DNA, mRNA,
siRNA, miRNA, and plasmids [10,21], without size limita-
tions. Moreover, owing to their tunable physicochemical
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Fig. 1. Schematic representation of nanomaterial-mediated nucleic acid delivery in plants. Nanomaterials can associate with various
nucleic acids, such as nucleic acids and proteins, through multiple mechanisms, such as electrostatic interactions, covalent bonding, π–
π stacking, and base pairing, thereby enhancing nucleic acid stability and promoting efficient delivery into plants. These interactions
facilitate the formation of stable NPs, including a complex formed by layered double hydroxide nanosheets and siRNA (BioClay),
DNA-loaded mesoporous silica NPs (DNA-MSNs), siRNA-loaded AuNPs, siRNA-loaded SWNT (siRNA-SWNT), DNA-loaded carbon
dots (CDs-DNA), siRNA-loaded polymers (siRNA-polymers), tetrahedral DNA nanostructure-based siRNA carriers (tetrahedral DNA-
siRNA), and lipid-based lipoplexes. These nanocomplexes can confer anti-pest, antiviral, and antifungal activities within plant tissues,
demonstrating great potential for crop protection in agricultural biotechnology. This figure was created by Adobe Illustrator.

properties, NPs can be precisely engineered to overcome
key plant barriers such as the hydrophobic cuticle, rigid cell
wall, and variable extracellular and intracellular pH gradi-
ents. A variety of nanomaterials, including layered double
hydroxides (LDH), mesoporous silica NPs, carbon-based
nanomaterials, metal NPs, and polymers, have been devel-
oped for plant applications. Nucleic acids can be loaded
onto these nanocarriers via electrostatic interactions, cova-
lent bonding, π–π stacking, and base pairing. By optimiz-
ing NPs size, surface charge, targeting ligands, and plant
physiological responsiveness, these engineered nanocarri-
ers can effectively traverse biological barriers, enabling di-
verse applications in crop protection, including pest resis-
tance, antiviral strategies, and pathogen defense (Fig. 1).
An overview of current nanomaterials developed for nu-
cleic acid delivery in plants is summarized in Table 2 and
Supplementary Table 1.

LDHs

LDHs consist of cationic metal sheets (e.g., Mg2+,
Cu2+, Zn2+) and intercalated anions (e.g., CO3

2−, NO3
−,

Cl−). Their positive surface charge facilitates the effec-
tive binding and intracellular delivery of anionic biomacro-
molecules via electrostatic interactions [81,109]. Early
studies have demonstrated that layered lactate-modified
LDH nanosheets (LDH-lactate-NS), characterized by thick-
nesses ranging from approximately 0.5 to 2 nm and diame-
ters between 30 and 60 nm, possessed a high adsorption ca-
pacity for negatively charged biomolecules [80]. Moreover,

due to their intrinsic anion exchange capacity, LDHs were
capable of efficiently releasing intercalated biomolecules
into the surrounding environment by partial dissolution or
degradation of the LDH structure under acidic pH condi-
tions [84,110,111].

The LDH-nanosheet conjugates were capable of effi-
ciently crossing the cell wall and transporting cargoes into
A. thaliana seedlings and N. benthamiana tobacco bright
yellow-2 cells (BY-2) suspension cells [80]. Beyond so-
matic cells, LDH NPs with diameters up to 50 nm were
also proved to facilitate the targeted delivery of dsRNA
into tomato pollen. The expression level of the target genes
was reduced by 89% 3-day post treatment, indicating suc-
cessful internalization of the LDH-dsRNA complex into the
pollen and subsequent release and gene silencing of dsRNA
in the cytosol [82]. Researchers developed a BioClay LDH
nanosheet with up to 120 nm in diameter and 5 to 10 nm in
thickness for the delivery of dsRNA to protectN. benthami-
ana from virus [83]. The strong positive surface charge and
biodegradability of BioClay enabled the efficient adsorp-
tion and sustained release of siRNA, facilitating the uptake
by plant cells in leaves following topical administration. At
least 20 days of antiviral activity was achieved by a single
spray of the BioClay due to its long-term sustained release
(30 days). Other nucleic acids, e.g., artificial miRNA, could
also be delivered by the LDH for antiviral protection [84].
Beyond antiviral applications, LDHs also showed promise
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Table 2. Nanomaterial-mediated delivery of nucleic acids in plants.
Delivery
method

Cargoes Administration
route

Nano-cargo interaction
mode

Loading capacity Delivery efficiency Demonstrated host species Ref.

LDH ssDNA, dsRNA,
DNA, pDNA,
miRNA.

Foliar spray Electrostatic adsorption ● Completed loading at dsRNA–
LDH mass ratio of 1:4.
● An LDH: siRNA mass ratio of
7:1.

● 20 mg/L dsRNA, 89% gene si-
lencing at 3 dps, and a 20-day pro-
tection against the virus.
● DNA was ingested post incuba-
tion for 60 minutes.
● 1.25 µg pDNA, 41.7% symptom
expression rate 35 days after inocu-
lation.

BY-2 (bright yellow-
2 cells), homogenous
suspension cell line de-
rived from the pith tissue
of Nicotiana tabacum,
Tomato leaf and pollen, N.
benthamiana.

[80–85]

SWCNT siRNA, DNA,
pDNA.

Infiltration, foliar
spray, immersing.

π-π stacking, electrostatic
adsorption

● A loading ratio of 100 nM siRNA
to 2 mg/L SWCNTs.
● In a 3:1 PEI-SWCNT: DNA mass
ratio

● 95% gene silencing at 1 dpi with
a siRNA dose of 100 nM.
●Expression of the transfected plas-
mid was detected three days post in-
cubation.
● A 7532-fold upregulation of GFP
mRNA expression by pDNA at 3
dpi

Arugula, Wheat, Cotton,
Rice, N. benthamiana.

[86–88]

CDs siRNA, pDNA Foliar spray,
infiltration, root
soaking.

Electrostatic adsorption ● CDs: siRNA mass ratio of 40:50.
● 0.5 mg DNA and 1 mL (0.2
mg/mL) CDP.

● 12 ng/µL siRNA, >80% reduc-
tion of gene expression at 5 dps.
● 10 ng/µL pDNA, GFP fluores-
cence was observed 3 dpi.

Tomato, Rice, Wheat,
Mung bean, N. benthami-
ana

[89–91]

Graphene-
based

siRNA, dsRNA Infiltration, foliar
spray.

Electrostatic adsorption ● siRNA was completely loaded at
the ratios of GONs (graphene oxide
nanoparticle):siRNA = 0.03:1.

● 2 µg siRNA, 97.2 % efficiency at
1 dpi.
● dsRNA could be continuously re-
leased for at least 6 days.

N. benthamiana [92–96]

AuNPs siRNA Infiltration Covalent bonding to mer-
captan sulfide on AuNPs,
Electrostatic adsorption.

● 25 ng of siRNA per 1 µg of
AuNPs.

● 2 µM siRNA, 80% knockdown at
1 or 2 dpi in A. thaliana.
● 100 nM siRNA, 76.5% knock-
down at 1 dpi in N. benthamiana

A. thaliana, N. benthami-
ana.

[97,98]
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Table 2. Continued.
Delivery
method

Cargoes Administration
route

Nano-cargo interaction
mode

Loading capacity Delivery efficiency Demonstrated host species Ref.

MSNs DNA Incubation, bi-
olistic.

Electrostatic adsorption ● The optimal DNA coating for an
MSN is 1:10 (w/w).

● 1 µg DNA, 7% of the 106 cells,
transient GFP expression could be
observed 36 h after protoplasts were
incubated with DNA-coated Type-
II MSN in tobacco mesophyll pro-
toplasts.

Tobacco protoplast, To-
bacco or teosinte leaf.

[12,99]

Peptide dsRNA, siRNA,
DNA.

Foliar spray Electrostatic adsorption ● At N/P ratio = 2.0 ● 2 µg siRNA, in A. thaliana, YFP
mRNA and protein levels were re-
duced by 54.1% and 45.5%, respec-
tively, while in tomato, GFP fluo-
rescence and mRNA transcript lev-
els decreased by 83% and 59%, re-
spectively, at 3 dps.

A. thaliana, Tomato, Soy-
bean, Tobacco chloroplast.

[100–
102]

DNA nanos-
tructure

siRNA Infiltration Complementary base pair
hybridization

● One Tetrahedron with a loading
capacity of one siRNAmolecule per
carrier.

● 100 nM nanostructure, protein
level reduced by about 50% at 3 dpi.

N. benthamiana [103,
104]

Polymer pDNA, miRNA. Infiltration Electrostatic adsorption ● Polymer to DNA ratio of N/P =
3.0.
● ds-MIRNA: Star polyca-
tion=1:1(w/w).

● 1.5 µg pre-miRNA enabled rel-
ative miRNA amount significantly
increased 68.64-fold in A. thaliana;
● For maize, 2.5 µg miRNA led to
over 300-fold increase in miRNA
amount compared to the control.

N. benthamiana, A.
thaliana, Maize proto-
plast.

[11,105,
106]

Liposomes TMV-RNA,
DNA

Incubation, co-
cultivation.

Passive encapsulation ● 30–40% of the TMV RNA was
encapsulated

● 500 µg of TMV-RNA, ~20%
of the tobacco protoplasts were in-
fected after 48 hours;
● The binding of Liposomes to the
pollen tubes was visualized in scan-
ning electron micrographs.

Tobacco protoplasts, Wa-
termelon pollen tubes.

[107,
108]
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in insecticidal applications, such as against whiteflies [112].
Moreover, surface coating modifications can significantly
broaden the application potential of LDH NPs. For in-
stance, a recent study showed that lysozyme-coated LDH
NPs effectively delivered diverse nucleic acids, including
mRNA, dsRNA, siRNA, and pDNA, into various plant tis-
sues, such as roots, leaves, calli, flowers, and developing
pollen. This improved delivery was attributed to the ability
of the coating to increase cell wall permeability and upreg-
ulate genes associated with endocytosis [113]. These find-
ings not only demonstrate the role of LDH in promoting
the systemicmovement of extracellular nucleic acids within
plants but also emphasize their function in mediating the
transfer of bioactive molecules from host plants to herbiv-
orous pests through the vascular network.

Carbon-Based Nanomaterial

Carbon nanomaterials, defined as carbon-based mate-
rials with at least one dimension smaller than 100 nanome-
ters, encompass various structures, including carbon nan-
otubes (CNTs), graphene, fullerenes, and quantum dots.
These materials exhibit high specific surface area, excellent
biocompatibility, and remarkable drug-loading capacity,
making them highly attractive for biomedical applications,
including drug delivery, cancer therapy, and bioimaging
[114,115]. Recently, the unique properties of carbon nano-
materials have also garnered significant interest in plant sci-
ence, particularly in plant molecular delivery [116]. CNTs
and CDs show promise as nanocarriers for plant genetic ma-
terial delivery, enabling advances in functional genomics
and crop biotechnology. Their nanoscale size and modifi-
able surfaces allow efficient cellular uptake and targeting.

Carbon Nanotubes (CNTs)
Carbon nanotubes are characterized by their remark-

ably high aspect ratio (length-to-diameter ratio). With di-
ameters ranging from ~0.4 nm (single-walled carbon nan-
otubes, SWCNTs) to 100 nm (multi-walled carbon nan-
otubes, MWCNTs) and lengths reaching millimeters to cen-
timeters [117], their one-dimensional tubular and hollow
nanostructure enables unique anisotropic properties. The
high aspect ratio and large surface area of CNTs enable effi-
cient encapsulation and delivery of genetic material or ther-
apeutic payloads. Their tubular structure, with conjugated
π-electron networks, facilitates stable complexation with
nucleic acids via π-π stacking interactions [118], enhancing
payload stability during delivery. CNTs have been demon-
strated to protect DNA from nuclease degradation both in
vitro and in vivo [119]. The high aspect ratio of CNTs also
promotes cellular uptake, enhancing intracellular delivery
efficiency [120–122]. These unique attributes make CNTs
promising carriers for plant biomolecule delivery [115].

SWCNTs have been demonstrated to be capable of
overcoming the plant cell wall and membrane barriers, fa-
cilitating the efficient internalization of biomolecules into

plant cells [86]. A GFP silencing efficiency of 95% could
be achieved when SWCNTs were utilized to deliver siRNA
in tobacco [87]. Although CNTs initially were shown to
enable effective nucleic acid delivery, their poor aque-
ous dispersibility and potential cytotoxicity can cause for-
mulation heterogeneity, limiting practical applications in
plant systems [123–125]. To address this limitation, tar-
geted surface functionalization of CNTs has been imple-
mented to enhance phytocompatibility and interfacial ad-
hesion, thus expanding their applicability in plant biotech-
nology [126,127]. It was demonstrated that SWCNTs can
facilitate the delivery of plasmid DNA into N. benthami-
ana, Eruca sativa, wheat and cotton leaves, as well as
arugula protoplasts [128]. Importantly, polyethyleneimine
(PEI)-functionalized SWCNTs could enhance DNA bind-
ing and nuclease protection capacities through electrostatic
interactions, while improving aqueous dispersibility and
stability—key attributes that significantly advance their
utility in plant nucleic acid delivery [88,128]. Recent stud-
ies demonstrated that SWCNTs functionalized with oligo-
histidine peptides (His6-SWCNTs) enabled controlled de-
livery and release of nucleic acids in plants. The release
mechanism relied on the deprotonation of imidazole groups
within the oligohistidine moiety in the neutral cytosolic en-
vironment (pH ~7), facilitating efficient dissociation of the
genetic cargo. Using this system, a short tandem-targeting
mimetic noncoding RNA (STTM396) was delivered via
His6-SWCNTs to inhibit miR-396 in callus cells, thereby
promoting tissue regeneration [129].

Beyond mature plant delivery, SWCNTs also enabled
organelle-specific targeting in plants. The SWCNTs were
found to be able to transport different cargoes to distinct
plant organelles, suggesting their potential for targeted and
selective intracellular delivery [130–132]. A recent study
developed chitosan-functionalized SWCNTs that release
plasmid DNA selectively in response to the alkaline pH of
the chloroplast stroma (~pH 8), leading to efficient chloro-
plast transgene expression [130]. The targeting efficiency
of SWCNTs to chloroplasts in A. thalianawas significantly
improved from 39% to 57% following surface modification
with a specific chloroplast-targeting peptide [131]. By in-
tegrating SWCNTs with a cross-linked polymer functional-
ized with the presequence of the mitochondrial cytochrome
c oxidase subunit IV (Cytcox) and nine lysine-histidine re-
peats (KH9) peptides, the DNA delivery efficiency into A.
thaliana mitochondria were enhanced nearly 30-fold com-
pared to conventional methods [132].

CDs

CDs are a class of carbon NPs with a size less than
10 nm, which possess excellent fluorescence properties,
remarkable small-size effects, and good biocompatibility
[133–136]. These characteristics enable CDs to serve as
effective gene carriers, offering new possibilities for pre-
cise genetic transformation and efficient gene expression in
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plants. Li et al. [89] have investigated the toxicity, uptake,
and translocation of CDs in plants. Their findings showed
that CDs had a negligible impact on the growth of mung
beans, indicating low phytotoxicity. Moreover, CDs were
transported from roots to stems and leaves through the vas-
cular system of the apoplastic pathway, eventually accumu-
lating in the leaf veins. This research laid the foundation
for understanding the behavior of CDs in plants, providing
crucial information for their subsequent application as gene
carriers.

For genetic transportation, CDs synthesized from
branched polyethylenimine (PEI) possess an average di-
ameter of approximately 3.9 nm. Due to the high charge
density and robust nucleic acid binding affinity of the PEI
precursor, CDs were demonstrated to effectively deliver
siRNA into N. benthamiana and tomato via foliar spray-
ing. This approach achieved about 80% knockdown of
the genes encoding the H and I subunits of magnesium
chelatase (CHLH and CHLI), resulting in visible photo-
bleaching [90]. Despite this success, the general applica-
tion of anionic CDs is often limited by electrostatic repul-
sion with the plant cell wall.

Cationic surface modification (e.g., with PEI) signifi-
cantly enhanced the ability of CDs to deliver nucleic acids
into plant cells. This strategy improved cellular uptake, en-
abling robust transgene expression in various crops, includ-
ing rice, wheat, and mung bean leaves, as well as rice roots.
Notably, amine-functionalized CDs (A-CDs) exhibited pH-
responsive behavior, surface charge-switching properties,
and the capacity to enhance nuclear import of genetic mate-
rial [91,137]. Furthermore, functionalized CDs loaded with
dsRNA have been used for spray-induced gene silencing,
effectively controlling pathogens and reducing fungicide
use by 90% [138]. These results establish surface-modified
CDs as a highly valuable tool for plant biotechnology and
crop protection.

Graphene-Based Nanomaterials

Graphene, a two-dimensional (2D)material composed
of single-layer sp2-bonded carbon atoms arranged in a hon-
eycomb lattice [139], has garnered significant attention in
biomedical applications due to its outstanding electrical and
thermal conductivity, high specific surface area, and excel-
lent biocompatibility. These exceptional properties make
it particularly valuable for medical imaging and gene de-
livery in mammalian systems [92,93,140,141]. Recently,
graphene-based materials have also emerged as promising
nanocarriers for plant systems. For instance, sheet-like
GONs can complexwith siRNA via electrostatic interaction
to form nanostructures capable of traversing plant cell walls
and achieving up to 97.2% transient gene silencing within
24 hours [94]. Building on this platform, PEI-coated GONs
have been shown to adhere to cell walls and deliver antiviral
dsRNA, while PEI-functionalized graphene quantum dots
(GQDs) enabled foliar delivery of dsRNA for targeted sup-

pression of Fusarium graminearum [95,96]. These studies
collectively highlight the versatility of engineered graphene
materials in plant biotechnology and pathogen control.

Gold NPs (AuNPs)

AuNPs, typically ranging from 1 to 100 nm in diame-
ter, possess unique physicochemical properties due to their
nanoscale dimensions. The high specific surface area of
AuNPs provides abundant active sites for biomolecule ad-
sorption and conjugation, while the tunable dispersion and
low cytotoxicity make them highly suitable for nucleic acid
delivery in biological systems [142,143]. AuNPs have been
extensively employed for nucleic acid delivery in mam-
malian cells and animal models [144]. Recent studies ex-
plored the potential of AuNPs as efficient carriers for in-
tracellular delivery in plants. Ultra-small AuNPs (1 to 2
nm in diameter) fell below the size exclusion limit of plant
cell walls, enabling their passive translocation via apoplas-
tic or symplastic pathways. Engineered positively charged
PEI-functionalized AuNPs were shown to deliver siRNA
into A. thaliana, achieving 80% silencing efficiency of the
defense-related NPR1 gene [97]. Expanding on this work,
Zhang et al. [98] systematically investigated the influence
of PEI molecular weight on siRNA delivery efficiency us-
ing 1–2 nm AuNPs. The cationic PEI coating not only fa-
cilitated electrostatic binding of nucleic acids but also con-
ferred nuclease resistance, thereby enhancing siRNA sta-
bility. Remarkably, these NPs were rapidly internalized by
tobacco cells within 0.5–1 h, leading to ~70% silencing of
the GFP gene 1 day post infiltration and 32–35% suppres-
sion of endogenous target protein expression 3 days post
infiltration (Dpi). Collectively, these findings underscore
the versatility of AuNPs as a robust nucleic acid nanocar-
rier platform for plant biotechnology [145].

Mesoporous Silica NPs (MSNs)

Mesoporous silica NPs (MSNs) represent a class of
inorganic nanomaterials distinguished by their high spe-
cific surface area, exceptional biocompatibility, and facile
surface functionalization [146]. These unique character-
istics render MSNs particularly suitable for drug delivery
applications [147,148]. In plant systems, the nanoscale di-
mensions of MSNs confer superior penetration capabilities,
enabling efficient traversal of biological barriers such as
plant cell walls and membranes. A critical consideration
in MSN applications is the inherent hydrophobicity of un-
modified silica surfaces, which may induce plant cell toxic-
ity or plant cell [149]. To address these limitations, surface
modification strategies have been developed to enhance dis-
persibility while reducing cytotoxicity [150]. A pioneering
study demonstrated the synthesis of honeycomb-structured
MSNs with a pore diameter of 3 nm, which were function-
alized either by covalent attachment of triethylene glycol
(TEG) or by capping with gold NPs via amide coupling.
The TEGmodification enhanced endocytosis in protoplasts
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without cytotoxicity. In the case of gold nanoparticle-
cappedMSNs, the release was controlled through the cleav-
age of disulfide linkages by dithiothreitol (DTT)-mediated
reduction. These engineered NPs successfully delivered
DNA into tobacco protoplasts, seedlings, and maize en-
dosperm via particle bombardment [12]. In a related study
utilizing biolistic methods, gold-conjugated mesoporous
silica nanoparticles (Au-MSNs) were shown to co-deliver
proteins and plasmid DNA into both tobacco and teosinte
leaf cells [99]. Given the limitations of physical delivery
methods, such as tissue damage and high costs, subsequent
research demonstrated that functionalized MSNs can de-
liver DNA into A. thaliana roots via simple soaking. Fol-
lowing exposure for 24 h, expression of the reporter gene in
root epidermal and cortical cells was detected, demonstrat-
ing the capability ofMSNs to deliver gene cargowithout ex-
ternal force assistance [151]. Notably, the delivery capac-
ity of MSNs has been harnessed for plant protection strate-
gies, including antiviral defense and pest resistance [152].
MSNs have been employed as nanocarriers for the deliv-
ery of the cryIAb gene into tomato, leading to a 1.36-fold
enhancement in resistance to Tuta absoluta [153]. Beyond
DNA delivery, the application of MSNs has been extended
to siRNA delivery for targeted gene silencing. For instance,
research has demonstrated that MSNs could effectively de-
liver siRNA into N. benthamiana through foliar spraying.
The MSN-based carrier not only shielded siRNA from nu-
clease degradation but also achieved effective knockdown
of multiple target genes (with silencing efficiencies rang-
ing from 90% to 98%) at 4 dps [154]. Polydopamine sur-
face modification enabled MSNs to achieve controlled nu-
cleic acid release. These carriers efficiently load nucleic
acid complexes and, when sprayed, remain stable on the
weakly alkaline leaves of N. benthamiana, protecting the
cargo from nuclease degradation. Under mildly acidic con-
ditions, protonation of the polydopamine layer increases
electrostatic repulsion, causing its partial detachment and
subsequent release of the nucleic acid complexes. At pH 6,
the siRNA release rate reached 66.7%, allowing for targeted
delivery at specific sites [155].

Peptide

Peptide compounds, composed of amino acids linked
by peptide bonds, are versatile biological macromolecules
with essential roles in living systems [156]. Notably, cer-
tain peptides, such as cell-penetrating peptides (CPPs), pos-
sess the unique ability to traverse cellular membranes [157],
enabling the intracellular delivery of molecular cargoes in
plants. Their potential as nucleic acid delivery vectors
has recently drawn significant interest in plant biotechnol-
ogy. Depending on their structural and functional proper-
ties, peptide-based carriers can be categorized into cationic
peptides, cell-penetrating peptides, targeting peptides, and
stimuli-responsive peptides, which can function either as
independent delivery vectors or combine with other nano-

materials to achieve targeted delivery [131,155,158].
Cationic oligopeptides have been developed for the

delivery of dsRNA into N. benthamiana suspension cells
[101]. These peptides effectively protect dsRNA from nu-
clease degradation and bind it through electrostatic interac-
tions. Their cationic nature enhanced interaction with cell
membranes, thereby improving cellular uptake. Once inter-
nalized, the dsRNA was released into the cytosol to induce
gene silencing [100]. Subsequent studies demonstrated that
arginine-rich CPPs facilitated the delivery of plasmid DNA
into Vigna radiata root cells, leading to successful expres-
sion of exogenous genes [159]. To further improve delivery
efficiency, polycation was fused to CPPs for transfection in
intact plant cells. Fusion peptides exhibit higher transfec-
tion efficiency compared to unfused CPPs, indicating that
cationic polymers can optimize the delivery properties of
CPPs [160]. Furthermore, specific targeting signal peptides
enabled the precise delivery of exogenous biomolecules to
the plant nucleus [102], mitochondria [161], and chloro-
plasts [102], facilitating their integration into respective or-
ganelles. This approach allows for the precise modula-
tion of plant traits without relying on transgenic techniques,
thereby offering a novel strategy for plant genetic improve-
ment.

Polymer-based Nanomaterials

Polymer nanomaterials typically exhibit particle sizes
ranging from 1 to 1000 nm, a scale comparable to that
of many biomolecules and cellular structures. This di-
mensional similarity facilitates efficient interactions with
biological systems [162]. Their surfaces possess abun-
dant chemically active sites, enabling versatile function-
alization with various groups (e.g., carboxyl, amino, and
thiol) through surface modification strategies. Such modi-
fications not only promote interactions with biomolecules
but also enhance biocompatibility, targeting ability, and
specificity[163–165]. Owing to these advantageous prop-
erties, polymer nanomaterials hold significant promise for
biomedical applications, particularly in drug delivery and
gene transfer. In plant delivery systems, polymer nano-
materials serve as versatile carriers for the controlled re-
lease of bioactive compounds, enabling precise regulation
of plant growth and metabolism. This unique capability
renders them particularly valuable for agricultural applica-
tions, especially in the targeted delivery of pesticides, fer-
tilizers, and plant protection agents.

Polymer-based carriers are broadly classified into two
categories: natural and synthetic polymer nanomaterials.
Among natural polymers, chitosan (CS), cyclodextrins, and
glucans have been extensively studied [166,167]. CS func-
tions both as a potent antimicrobial agent and an inducer
of systemic acquired resistance (SAR) in plants. CS has
been applied in pesticide delivery systems, showing sig-
nificant efficacy in pest control [168,169]. Additionally,
CS can serve as an excellent surface modification mate-
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rial for NPs, enhancing both targeting precision and bio-
compatibility [130,170]. Synthetic polymer nanomateri-
als, particularly polyamidoamine (PAMAM) dendrimers,
which are highly branched, symmetric, tree-like polymers,
and PEI, have been widely utilized for genetic delivery
[171–173]. In turfgrass cells, researchers achieved re-
markable transformation efficiency by delivering plasmid
DNA using PAMAM carriers. This success relied on pre-
cisely optimizing the PAMAM-to-DNAmolar ratio and the
solution pH [11]. Beyond DNA, polymer nanomaterials
like PDMAEMA polymer and cationic poly-aspartic acid-
derived polymer were effective for delivering proteins and
double-stranded RNA (dsRNA) [174,175]. Other polymers
like star polymer (SPc) could not only deliver microRNAs
into plants but also enhance plant defense by upregulating
pathogen-related genes, thus enhancing plant defense re-
sponses [106,176]. The utilization of polymer nanomate-
rials in plant delivery systems continues to expand signifi-
cantly, with ongoing advancements particularly enhancing
their biocompatibility, delivery efficiency, and target speci-
ficity.

Liposomes

Liposomes are self-assembled spherical vesicles char-
acterized by a phospholipid bilayer surrounding an internal
aqueous core. This amphiphilic architecture enables the
simultaneous encapsulation of hydrophilic payloads, such
as nucleic acids, within the aqueous interior and the inte-
gration of lipophilic substances within the hydrophobic bi-
layer. Given that their lipid composition closely mimics the
fundamental structure of plant and animal cell membranes,
liposomes offer exceptional biocompatibility and minimal
cytotoxicity [177,178]. Furthermore, the physicochemi-
cal properties of the liposomal surface can be precisely
engineered by modulating the ratio of charged lipids—
such as cationic DOTAP or anionic DOPG. Such surface-
charge tuning is critical for regulating electrostatic interac-
tions with the negatively charged plant cell wall and plasma
membrane, thereby influencing cellular internalization and
the subsequent efficacy of intracellular delivery [179,180].

In plant biotechnology, the utility of liposome-
mediated delivery was early established through the suc-
cessful encapsulation and functional translocation of vi-
ral genetic material. Initial studies demonstrated that li-
posomes could effectively encapsulate Tobacco mosaic
virus (TMV) RNA, facilitating its delivery into tobacco
protoplasts and resulting in successful viral replication
[181]. Subsequent research expanded this application
to DNA delivery, showing that plasmids encapsulated
within liposomes could be efficiently transferred into pro-
toplasts to drive transient protein expression [107]. To
achieve more sophisticated control over cargo release,
“stimuli-responsive” liposomes have been developed. By
incorporating pH-sensitive lipids such as dioleoylphos-
phatidylethanolamine (DOPE) and oleic acid (OA), these

vesicles undergo structural destabilization under acidic con-
ditions (pH 6.0), triggering the controlled release of nucleic
acids within the intracellular environment [182].

Beyond protoplast-based systems, liposomal carriers
have been adapted for the genetic transformation of re-
productive tissues. For instance, DNA-loaded liposomes
can fuse with germinating watermelon pollen tubes, poten-
tially allowing exogenous genetic material to be integrated
into the progeny genome via natural pollination and fer-
tilization [108]. Similarly, this approach has enabled the
delivery of Tomato yellow leaf curl virus (TYLCV) DNA
into tomato protoplasts and callus cultures [183]. Despite
these versatile applications, the widespread adoption of li-
posomes in plant science is hindered by several intrinsic
challenges. Their structural integrity is often compromised
by poor thermal stability, and the rigid plant cell wall re-
mains a formidable physical barrier to efficient penetration.
Furthermore, the current lack of robust in planta delivery
strategies restricts the practical application of liposomes as
carriers for nucleic acids in field-grown crops.

Other Nanomaterials
Nucleic Acid Nanostructure

DNA tetrahedral NPs (TDNs) are three-dimensional
structures formed by the self-assembly of four oligonu-
cleotide strands with specifically designed sequences.
These structures exhibit excellent biocompatibility, low im-
munogenicity, and design adaptability, making them ideal
candidates for nucleic acid delivery. Furthermore, TDNs
can combine with nucleic acids through nucleotide base
pairing hybridization, which enables them to protect en-
capsulated nucleic acids from degradation. DNA nanos-
tructures can penetrate plant cells without external assis-
tance, effectively delivering siRNA to mature plant tissues
and achieving targeted gene silencing [103,104]. Simi-
larly, self-assembled single-stranded RNA (ssRNA) con-
structs based on multi-junction scaffolds offered a promis-
ing platform for simultaneous loading and controlled re-
lease of multiple siRNAs. These RNA nanostructures show
strong stability under physiological and environmental con-
ditions and can be produced cost-effectively, representing
a promising platform for scalable nucleic acid delivery in
agricultural pest management [184].

Starch NPs (SNPs)
Starch NPs (SNPs), typically ranging from 10 to 500

nm in diameter, are formed through physical, chemical, or
biological modification of starch molecules. As naturally
abundant, low-cost materials with excellent biocompati-
bility and modifiability, SNPs have shown great promise
for drug delivery, gene delivery, and agricultural applica-
tions. Fluorescent SNPs (50–100 nm) with a positive sur-
face charge were developed for cellular tracking. These
NPs could effectively bind to DNA and protect it from
ultrasound-induced damage and DNase I degradation. Un-
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der ultrasound irradiation, the SNP-DNA complexes suc-
cessfully traversed plant cell barriers and delivered pEGAD
plasmid DNA, resulting in GFP expression with a transfor-
mation efficiency exceeding 5% [185,186]. These results
demonstrate the strong potential of SNPs as plant transfor-
mation vectors.

While many nano-mediated delivery systems remain
at the proof-of-concept stage in laboratory settings, re-
cent advancements have demonstrated their robust poten-
tial in large-scale agricultural applications. For instance,
a self-assembled multicomponent nano-bioprotectant was
developed to combat potato late blight. By co-delivering
dsRNA and plant elicitors via a star polycation platform,
this system protected the fragile genetic cargo from envi-
ronmental degradation. Field trials demonstrated that this
approach significantly enhanced oomycete uptake and ex-
tended the RNAi protective window compared to conven-
tional methods [187]. Furthermore, functionalized CDs
have been employed as a robust platform for spray-induced
gene silencing (SIGS). It was demonstrated that CDs-
mediated delivery of dsRNA targeting essential genes in
Phytophthora pathogens significantly enhanced RNA sta-
bility and internalization compared to naked dsRNA. This
nano-fungicide platform effectively controlled oomycete
infections in chili seedlings [138]. Collectively, these suc-
cessful field-scale demonstrations underscore the transfor-
mative potential of nanotechnology in sustainable, large-
scale agricultural management.

Delivery Process and Mechanisms
The unique physiological barriers in plants, such as

the hydrophobic cuticle, the cell wall, the cell membrane,
and the distinct apoplastic and cytosolic pH gradients, sig-
nificantly influence the delivery efficiency of nanomateri-
als. Understanding how nanocarriers overcome these plant-
specific barriers is essential for developing effective nu-
cleic acid delivery systems. Although previous studies have
confirmed the ability of NPs to transport biomolecules into
plant cells  [188], the mechanisms underlying their cellular
internalization remain poorly characterized. Moreover, the
transport efficiency of NPs through plant cellular barriers is
dictated by key physicochemical properties, including size,
morphology, and surface charge [189,190]. NPs can enter
plants through foliar application or infiltration via processes
such as cuticle penetration, stomatal uptake, extracellular
diffusion, and traversal of the cell wall and plasma mem-
brane [14]. Multiple uptake pathways, including endocyto-
sis, direct membrane penetration, pore formation, and trans-
porter protein-mediated internalization, may be involved
[191]. Moreover, NPs can move systemically within plants,
from roots to leaves or vice versa [192], likely via apoplastic
and symplastic pathways. This section summarizes current
knowledge on NPs–plant interactions, with a focus on NP
absorption, cellular internalization, and systemic transloca-
tion (Fig. 2).

Factors Influencing Plant Uptake of NPs
The physicochemical properties of NPs, particularly

size, shape, and surface charge, critically govern their up-
take and translocation in plants [193–195]. Particle size
is a primary determinant of NPs’ internalization efficiency
[196]. Small NPs typically exhibit superior uptake due to
their large specific surface area and enhanced diffusion ca-
pacity, enabling penetration through stomata and the cuti-
cle. For instance, it was observed that lettuce roots accu-
mulated higher concentrations of smaller silver NPs (Ag-
NPs), with subsequent translocation to shoots, likely due
to increased surface area facilitating interactions with root
mucilage [197]. Similar size-dependent uptake trends have
been documented for foliar absorption [198]. Notably, the
size threshold for NPs internalization varies across species;
cotton, for example, internalizes NPs below 20 nm in size,
whereas maize exhibits a stricter cutoff (below 11 nm) [18].

In addition to size, the surface properties of NPs also
significantly influence their delivery efficiency into plant
cells [199,200]. Positively charged NPs often show higher
cellular uptake owing to electrostatic attraction to nega-
tively charged cell walls and membranes. It was reported
that NPs with zeta potentials greater than 15 mV achieved
improved foliar delivery, while those smaller than 10 nm
with potentials exceeding 40 mV could penetrate proto-
plasts and localize in chloroplasts [18]. Another study
demonstrated that the surface charge characteristics of CDs
govern their interaction with cell wall components such as
pectin and hemicellulose, thereby determining their ability
to penetrate the dual barriers of the cell wall and plasma
membrane, and ultimately modulating the specific path-
ways of cellular internalization [201]. Notably, although
positively charged CDs exhibit higher affinity toward pro-
toplasts and may induce alterations in membrane morphol-
ogy, other studies have shown that negatively charged CDs
applied to roots can achieve more efficient root-to-shoot
translocation by concurrently utilizing both symplastic and
apoplastic transport routes [202]. This suggests that the ef-
fects of surface charge may vary depending on plant organ,
species, and the local microenvironment of the cell wall.
NPs further modulate uptake dynamics. Zhang et al. [145]
demonstrated that rod-shapedAuNPs bypass cell wall barri-
ers more readily than spherical AuNPs, which face greater
restrictions. Beyond intrinsic NPs traits, external factors
such as surfactants can enhance uptake by reducing sur-
face tension, solubilizing cuticular waxes, and improving
hydration and adhesion [203]. Plant species, growth stage,
and environmental conditions also significantly influence
NP uptake and translocation efficiency [204].

Transportation of NPs at the Tissue Level
The uptake of NPs by plants primarily occurs through

two pathways: root and leaf absorption. Root uptake is pri-
marily mediated by the root tip and root hairs, where the
cuticular layer is incompletely developed. The secretion of
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Fig. 2. Proposed mechanisms of nanoparticle uptake and intracellular trafficking in plants. NPs enter plant tissues primarily
through stomatal infiltration and cuticular or epidermal absorption, with uptake efficiency governed by physicochemical properties such
as particle size and surface charge. Following entry, NPs are translocated intercellularly via apoplastic and symplastic pathways and are
further systemically distributed through xylem and phloem. Intracellular delivery is facilitated through diverse mechanisms, including en-
docytosis, direct membrane penetration, pore formation, and channel protein-mediated transport. These pathways collectively determine
the efficiency and specificity of nanoparticle-mediated delivery within plant systems. This figure was created by Adobe Illustrator.

mucilage and organic acids from the root surface imparts a
negative charge, which facilitates the binding of positively
charged NPs and promotes their accumulation near the root
[205,206]. Due to the underdeveloped cuticular layer in
the root tip (including the root cap, meristematic zone, and
elongation zone) and the relatively porous cell walls of root
hairs, NPs with diameters smaller than the pore size of the
cell wall can passively diffuse through these pores. Once
within the root, NPs are transported to the vascular tis-
sue via the apoplastic or symplastic pathways and subse-
quently translocated through phloem and xylem, driven by
the plant’s transpiration and vascular systems [195,207].

As vital organs mediating gas exchange and mate-
rial transfer between plants and their external environment,
leaves also serve as an important entry point for NPs ab-
sorption. Stomatal uptake and cuticular penetration are the
two primary pathways for foliar NPs absorption, a process
intrinsically dependent on leaf structural and physiological
characteristics [208,209]. Stomata, the microscopic pores
flanked by paired guard cells on the leaf epidermis, function
as the major conduits for gas exchange and transpiration.
These structures simultaneously represent a critical gate-
way for nanoparticle internalization. The deposition of NPs
on the phyllosphere facilitates their entry into stomatal cav-
ities, driven by pressure differentials and concentration gra-
dients established during stomatal movements [210,211].
This process is modulated by multiple factors, including
NPs size, surface charge, stomatal dimensions, and aper-
ture status. Zhu et al. [212] systematically investigated the
internalization pathways of zinc oxide NPs (ZnO NPs) in
wheat leaves, revealing stomatal uptake as the dominant en-
try mechanism. Their findings demonstrated that internal-
ized ZnO NPs initially accumulate in substantial amounts
in the substomatal chambers before subsequent apoplas-
tic translocation. Complementary research on hydrophilic
ZnO@MSN NPs in tomato leaves further corroborated the

predominance of stomatal uptake. Notably, the study re-
vealed a 60% higher stomatal density on abaxial leaf sur-
faces compared to adaxial surfaces, creating spatially het-
erogeneous nanoparticle absorption patterns [213].

The plant leaf cuticle, a protective layer composed of
cutin and waxes, serves as a critical barrier against exces-
sive water and solute loss [214]. The cuticle contains rela-
tively small polar pores (~2 nm in diameter), suggesting that
NPs with dimensions below this threshold may penetrate
via the cuticular pathway. Notably, NPs with higher hy-
drophilicity or surface charges demonstrate enhanced pen-
etration efficiency through these layers [18,193]. Addition-
ally, mechanical damage to the leaf surface can create lo-
calized entry points, further facilitating nanoparticle uptake
through compromised epidermal regions [215]. Previous
research has demonstrated that solute transport across the
cuticle occurs through two distinct pathways: the lipophilic
pathway, which facilitates diffusion of nonpolar solutes
through the cuticular matrix [216], and the polar aqueous
pathway through which hydrophilic substances and ions are
absorbed via pores ranging from 0.5 to 20 nm in radius,
which varies significantly between plant species [217,218].
Consequently, NPs smaller than approximately 5 nm can
be directly absorbed when deposited on the leaf epidermis
[219]. However, studies have also observed the accumu-
lation and subsequent internalization of NPs exceeding 5
nm in diameter, yet the precise mechanisms governing this
process remain to be elucidated.

Mechanisms of Nanoparticle Internalization in Plant Cells

The internalization mechanisms of NPs determine the
fundamental pathways regulating their cellular interactions.
Nevertheless, the efficiency and specificity of these pro-
cesses are modulated by multiple factors, encompassing the
physicochemical attributes of the NPs and the biological
characteristics of the cellular microenvironment. These el-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v059a12


214 www.ecmjournal.org

European Cells and Materials Vol.59 2026 (pages 201–228) DOI: 10.22203/eCM.v059a12

ements collectively influence NPs uptake by regulating en-
docytic pathway activation, transport efficiency, and intra-
cellular metabolic fate.

Endocytosis: A Central Mechanism for Nanoparticle
Internalization

Endocytosis serves as a major route for NPs internal-
ization in plant cells, involving both clathrin-dependent and
clathrin-independent mechanisms [220–223]. Evidence
from tobacco BY-2 suspension cells indicated that NPs can
enter via clathrin-independent endocytosis [224,225], while
fluorescent nanobeads exploited both clathrin-dependent
and -independent pathways [226], suggesting that NPs sur-
face properties—particularly charge and size may dictate
the preferential endocytic route. Fluid-phase endocytosis
can also contribute to NPs uptake. For example, lysozyme-
coated LDHNPs efficiently deliver RNA and plasmidDNA
into plant cells through endocytosis [21]. Similarly, artifi-
cial nanospheres and fluorescent quantum dots enter Fir-
miana cultured cells via fluid-phase endocytosis, followed
by trafficking to diverse intracellular organelles [227,228].
In maize root tip endodermal cells, actin-dependent fluid-
phase endocytosis has also been implicated in NPs inter-
nalization [229]. Importantly, the surface charge of NPs
has been shown to modulate endocytic pathways. Charged
AuNPs, for instance, can enter plant cells via both endo-
cytic and non-endocytic mechanisms [230], while AuNPs
with different surface charges exhibit distinct uptake behav-
iors in tobacco pollen tubes [231], highlighting the poten-
tial involvement of charge-specific recognition processes in
regulating endocytic mechanisms.

Transporter-mediated Internalization and Direct
Membrane Penetration

Membrane-associated proteins and intercellular struc-
tures also play critical roles in regulating NPs trans-
port within plant cells. Aquaporins, typically existing as
tetramers in biological membranes, facilitate transmem-
brane transport by providing hydrophilic channels, while
hydrophobic amino acid residues within the channel enable
interactions with small molecules such as glycerol, thereby
assisting their passage. Metal ions can also cross mem-
branes via aquaporins by forming hydrated ion complexes
that move along the aqueous channels. In addition, mem-
bers of the ATP-binding cassette (ABC) transporter fam-
ily have been implicated in mediating and regulating NPs
translocation across cellular membranes, further highlight-
ing the importance of membrane proteins in intracellular
NPs trafficking [232–235].

Beyond the energy-dependent pathway, NPs can in-
filtrate plant cells through direct membrane penetration
or translocation. A notable example was the Lipid Ex-
change Envelope Penetration (LEEP) mechanism proposed
by Strano and colleagues, where NPs enter chloroplasts via
lipid exchange-mediated membrane fusion [236]. Simi-

larly, researchers proposed that MSNs translocated into A.
thaliana roots through an energy-independent route follow-
ing the reorganization of cellulose microfibrils during cell
wall relaxation [152]. MWCNTs could traverse both the
cell wall and plasma membrane [86,237], while SWCNTs
exhibited the ability to directly penetrate protoplasts [238].
This direct translocation process was thought to involve
the formation of transient membrane pores induced by NPs
[239]. Supporting this, cationic NPs had been shown to
create structural defects in lipid bilayers, promoting their
transmembrane passage [240]. Rod-shaped AuNPs have
been shown to directly deliver siRNA into plant cells with-
out the need for cellular internalization [19]. This suggests
that the NPs may facilitate siRNA entry by perturbing the
cell membrane.

Intercellular Transport and Systemic Delivery

Plasmodesmata, the specialized intercellular chan-
nels that form symplastic connections between plant cells,
serve as functional conduits for NPs intercellular traffick-
ing [241–245]. This transport pathway provides a plausible
mechanism for tissue-level systemic distribution of NPs in
plants. Through plasmodesmatal-mediated translocation,
NPs can achieve cell-to-cell movement, ultimately facili-
tating whole-plant systemic dissemination. In addition to
symplastic trafficking, NPs can also utilize the apoplastic
pathway, which involves movement through extracellular
spaces, cell walls, and intercellular gaps without crossing
the plasma membrane. This route enables NPs to bypass
direct cytoplasmic entry, thereby providing an alternative
means to reach the vascular tissues for subsequent long-
distance transport.

Researchers proved that foliar application of liposo-
mal NPs enables efficient entry into plant leaves through
stomatal pores. Once internalized, these NPs exploited the
vascular system to achieve bidirectional systemic transport,
which involved acropetal translocation to adjacent leaves
and basipetal translocation to the root system [246]. The
vascular system, consisting of the xylem and phloem, is a
crucial organ for systemic transport in plants. NPs can be
translocated acropetally from roots to aerial parts via the
xylem, as well as basipetally from leaves to roots and stems
through the phloem [247,248]. Studies have shown that
CuO NPs (20 to 40 nm) entered maize roots through the
apoplastic pathway by exploiting the underdeveloped Cas-
parian strip at the root tip. CuO NPs moved upward via
the xylem once they reached the stele and vascular system.
Additionally, they underwent reverse transport through the
phloem from stems back to roots, demonstrating full sys-
temic mobility within the plant [249].

Surface charge of NPs emerges as a critical determi-
nant of their transport behavior and tissue distribution. For
example, negatively charged CDs were capable of travers-
ing root tissues via both apoplastic and symplastic routes,
with notable accumulation in plasmodesmata, thereby en-
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abling passage across structural barriers such as the Cas-
parian strip [250,251]. In contrast, positively charged
CDswere prone to electrostatic interactions with negatively
charged constituents of root mucilage and cell walls, lead-
ing to their retention in the apoplast and limiting their pen-
etration into deeper tissues and subsequent translocation to
aerial parts [202].

Building upon the capacity of NPs for systemic trans-
port within plants, NPs could be utilized for long term dis-
tance gene silencing by combining with siRNA or dsRNA.
For instance, Guanosine cations (Gu+) have been employed
to self-assemble with siRNA into stable NPs, which ef-
fectively exploited both xylem and phloem pathways to
mediate root-to-shoot translocation, thereby enabling long-
distance gene silencing from roots to the apical meristem.
More recently, carbon dot—dsRNA nanocomplexes have
exhibited highly efficient phloem-mediated systemic trans-
port, accumulating in distal leaves at concentrations ex-
ceeding those of naked dsRNA by more than 1000-fold,
thus overcoming the inherent limitations of localized de-
livery [252,253].

The delivery processes and uptake mechanisms dis-
cussed above are more than simple transport events. They
directly determine the subsequent biological responses of
plants to NPs. The specific way NPs enter the cell, such
as endocytosis or through pores, and their resulting distri-
bution within the plant, decide how effectively the cargo
is used and the strength of the cellular response. For ex-
ample, releasing biomolecules into specific cell parts can
trigger precise genetic changes or metabolic shifts. At the
same time, the characteristics of the NPs themselves may
affect plant growth, stress tolerance, or even cause toxicity.
Therefore, understanding the link between how NPs are de-
livered and how the plant responds is essential for improv-
ing nano-biotechnology.

Biological Effects of NPs on Plants
In addition to serving as carriers, NPs exert multi-

faceted effects on plants through both biochemical and
biophysical pathways, affecting growth, metabolism, and
stress adaptation. Their unique physicochemical properties
enable direct interactions with cellular structures and in-
direct modulation of molecular signaling, thereby shaping
plant physiological and developmental outcomes. A com-
prehensive understanding of these mechanisms (Fig. 3) is
essential to better understand the nano-plant interaction for
rational design of delivery systems.

Plant growth relies on efficient acquisition of essential
nutrients, yet conventional fertilizers suffer from low nu-
trient use efficiency, leaching, and environmental impact.
While engineered NPs offer a promising alternative that
enhances nutrient bioavailability and utilization, promot-
ing robust plant growth [254,255]. For example, ZnO and
Fe NPs increased Zn and Fe accumulation in wheat grains,
boosting chlorophyll synthesis, photosynthetic efficiency,

and yield [256]. The synthesized P-LDHs functioned as
phosphate fertilizers by intercalating phosphate into their
layered structure and exhibited sustained phosphate release
under soil-solution-like conditions [257]. Beyond direct
nutrition, NPs can enhance overall mineral assimilation,
such as foliar application of ZnO NPs in rice increased Zn,
Mn, Cu, Fe, andMg levels by 15.8–416.9%, indicating sys-
temic modulation of mineral homeostasis [258]. Advances
in nanocarrier design further improved long-distance trans-
port. For instance, ZnO NPs encapsulated in MSNs im-
proved Zn absorption and phloem translocation in tomato,
while zinc phosphate-coated ZnO NPs promoted stem ac-
cumulation and fruit-directed transport in pepper by opti-
mizing apoplastic–symplastic flux coordination [213,248].
Other zinc-containing NPs used for plant delivery, such as
zeolitic imidazolate framework-8 (ZIF-8) [259,260], may
likewise exert similar biological effects due to the release
of Zn2⁺. Therefore, the nutritional role of the released metal
ions should be consideredwhen designing suchmetal-based
nanocarriers.

In addition to their role as nutrient carriers, NPs can
physically interact with membranes, cytoskeletons, and or-
ganelles, influencing cell division, elongation, and differen-
tiation, thereby further shaping plant morphology and phys-
iology. For example, Nanoscale zero-valent iron (nZVI)
promoted root elongation in A. thaliana by inducing cell
wall loosening [261]. Notably, carboxyl-functionalized
single-walled carbon nanotubes (SWCNTs-COOH) have
been shown to enhance root elongation in onion and cu-
cumber, likely by facilitating water uptake and modulat-
ing cellular processes; in contrast, nonfunctionalized SWC-
NTs often suppress root growth due to pronounced ag-
gregation and physical obstruction of root tissues [262].
Similarly, hydroxyapatite (HAP) nanorods and titanium
dioxide (TiO2) NPs have been reported to promote early
seedling growth [263,264]. The mechanisms underlying
nanoparticle-mediated germination enhancement involved
improved seed coat permeability, optimized water absorp-
tion capacity, and regulated reactive oxygen species (ROS)
levels. These combined effects activated critical biochemi-
cal pathways for breaking seed dormancy and initiating ger-
mination processes [265–267].

Plant primary and secondary metabolism play crucial
roles in plant growth and development, as well as in acti-
vating defense mechanisms in response to biotic and abi-
otic conditions [268,269]. As for simulating plant growth,
NPs like MWCNT promoted plant growth by regulating
enzymatic activities in carbon and nitrogen metabolism,
enhancing carbohydrate synthesis and nitrogen assimila-
tion efficiency, while iron oxide NPs (Fe2O3) NPs pro-
moted growth by increasing the contents of gibberellins and
cytokinins in peanuts [270,271]. CDs and silicon could
regulate plant growth and defense by modulating phyto-
hormone pathways: they promoted growth via cytokinins
(CKs) and indole-3-acetic acid (IAA), while enhancing
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Fig. 3. A schematic representation of interactions between NPs and plants is presented. Engineered NPs influence a range of phys-
iological and developmental processes within plants, such as serving as nano-fertilizers to alleviate nutrient deficiencies, promoting root
elongation via nanoparticle-induced remodeling of the cell wall, enhancing seed germination, facilitating targeted delivery to chloro-
plasts to improve photosynthetic efficiency, and modulating the expression of genes associated with stress responses and development.
These complex interactions underscore the potential of nanotechnology as a multifaceted approach for augmenting plant performance
and resilience to environmental stressors. This figure was created by Adobe Illustrator.

stress responses through abscisic acid (ABA), salicylic
acid (SA), and jasmonic acid (JA) signaling, thus balanc-
ing growth and resilience [272–275]. Furthermore, TiO2

NPs mitigated growth inhibition induced by polystyrene
nanoplastics in maize through activation of melatonin sig-
naling, which coordinated carbon partitioning and nitrogen
metabolism [276].

NPs also play a pivotal role in enhancing plant re-
silience to biotic and abiotic stresses, offering critical
protection under adverse environmental conditions. NPs
Exposure can trigger immune-like responses, including
the accumulation of secondary metabolites and activation
of systemic acquired resistance (SAR). For example, the
star polycation (SPc) could assemble with an immune in-
ducer lentinan (LNT) through hydrogen bonding into the
LNT/SPc complex, which could increase the content of sal-
icylic acid (SA) in plants, thereby activating SA-mediated
SAR [277]. MWCNT could strengthen the antioxidant de-
fense system of plants by stimulating the activity of su-
peroxide dismutase (SOD) and catalase (CAT), leading to
improved reactive oxygen species (ROS) scavenging ca-
pacity [278,279]. In addition, NPs can improve plants’
resistance to unfavorable environments by inducing the
innate immune response and downregulating key signal-
ing genes involved in stress responses, including MAPK2,
MAPK3, RBOH1, and ERF5 [272,280,281]. Notably, be-
yond eliciting host defense, certain NPs, particularly ZnO,

exhibit intrinsic antiviral activity by directly inactivating
plant viruses, highlighting their potential as novel nanoscale
antiviral agents in sustainable crop protection [280].

As a primary determinant of crop productivity, pho-
tosynthesis could also be profoundly influenced by the
chlorophyllase activity and chlorophyll biosynthesis [282–
284]. Notably, CDs can localize within chloroplasts and
form functional conjugates that optimize electron transport
in the photosynthetic chain, leading to improved light en-
ergy conversion efficiency and increased crop productivity
[285,286]. AuNPs have also been shown to increase the
rates of electron transport, photophosphorylation, and oxy-
gen evolution, thereby improving the photosynthetic effi-
ciency of isolated chloroplasts in Vigna radiata [287]. Fur-
thermore, certain NPs can boost photosynthetic rates signif-
icantly. For example, foliar application of Fe and iron oxide
NPs (Fe3O4) NPs in maize resulted in increased photosyn-
thetic rates by 19.9% and 27.5%, respectively [288]. Photo-
synthetic efficiency can also be enhanced by light-sensitive
materials such as TiO2, which stimulated photosynthesis by
accelerating the photochemical phase essential for the for-
mation of ATP and NADPH and increasing the content of
light-harvesting complex II (LHCII) [289,290].

At the genetic level, A growing body of evidence in-
dicates that certain NPs can enter plant cells and even local-
ize in the nucleus, enabling direct or indirect regulation of
genes governing growth, stress responses, and development
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[291]. For instance, MWCNTs promoted cellular prolifer-
ation in tobacco by upregulating genes involved in cell di-
vision and elongation [292]. It could also upregulate the
expression of aquaporins, thus improving cellular hydra-
tion and plant biomass accumulation [293]. Mg and N co-
doped CDs were able to upregulate the gene expressions
of enzymes related to chlorophyll synthesis, thus increas-
ing chlorophyll contents [284]. Additionally, specific NPs
have been shown to modulate the transcriptional activation
of key genes involved in the biosynthesis of essential nutri-
ents, thus controlling plant development [294]. In addition
to regulating plant growth, NPs also exhibited potential in
modulating plant immune responses through up- or down-
regulating relative gene expression [272,295].

Despite the multifaceted benefits of NPs in enhancing
nutrient acquisition, stress resilience, and crop yield, their
potential phytotoxic effects and disruption of soil ecosys-
tems may also represent critical bottlenecks for large-scale
application. These adverse outcomes exhibit significant de-
pendence on dosage and environmental context. Metal ox-
ide NPs (e.g., ZnO, CuO, and MgO) are particularly prone
to causing toxicity under high or prolonged exposure [296–
298]. At the plant level, toxicity is primarily mediated by
oxidative stress. Upon excessive uptake, NPs accumulate
in mitochondria and chloroplasts, where they disrupt elec-
tron transport chains and trigger a burst of reactive oxy-
gen species (ROS). When ROS production overwhelms the
capacity of antioxidant enzymes, such as superoxide dis-
mutase (SOD) and catalase (CAT), it leads to lipid per-
oxidation, protein denaturation, and DNA damage, ulti-
mately activating programmed cell death pathways [299–
301]. This oxidative damage directly impairs photosyn-
thetic machinery. Specifically, NPs can reduce chlorophyll
content, disrupt chloroplast ultrastructure, and inhibit light
energy transfer efficiency. Furthermore, altered cell mem-
brane fluidity and permeability significantly weaken pho-
tosynthetic performance [300,302]. Beyond physical dam-
age, NPs perturb phytohormone homeostasis—such as sup-
pressing indole-3-acetic acid (IAA) biosynthesis while ele-
vating abscisic acid (ABA) levels—thereby inhibiting seed
germination, root elongation, and overall vegetative growth
[303].

In addition to direct plant interactions, NPs enter
the soil environment through various pathways, including
direct agricultural application, foliar leaching, and crop
residue return, thereby exerting profound impacts on the
soil microbiome [304]. Once introduced, high-dosage NPs
interact with soil components and exert significant toxic-
ity on soil microbial communities. Studies indicate that
NPs can inhibit the activity of critical soil enzymes, re-
flecting a general impairment of microbial metabolic func-
tions. Their unique nanoscale dimensions allow for easy
penetration of microbial cell membranes, leading to struc-
tural damage and the induction of massive reactive oxygen
species (ROS) accumulation, which subsequently disrupts

cellular metabolism [305]. This toxic effect is directly man-
ifested through the widespread inhibition of key soil en-
zymes. Specifically, NPs significantly reduce the activity
of urease, which is critical for nitrogen cycling; dehydro-
genase, an indicator of overall metabolic vigor; and phos-
phatase, which regulates phosphorus transformation [306].
The decline in enzymatic activity not only reflects a general
impairment of microbial metabolic functions but also weak-
ens core ecological processes, such as biological nitrogen
fixation [307]. Furthermore, some metal-based nanomate-
rials have been shown to suppress soil respiration. These
findings highlight the extensive negative impact of NPs on
the energy metabolism and functional activity of soil mi-
crobial communities [308].

Conclusions
Nanomaterial-mediated genetic transformation has

emerged as a powerful alternative to conventional plant ge-
netic engineering, offering unique advantages such as pas-
sive traversal of cell walls, efficient delivery of diverse nu-
cleic acids, subcellular targeting, and even sustained release
of genetic material. Various nanomaterial platforms, such
as LDH, carbon-based nanomaterials, MSNs, and peptide-
based carriers, have demonstrated success in facilitating the
transport of DNA, RNA, and other biomolecules into a wide
range of plant species. These advances enable applications
in gene editing, pathogen resistance, and metabolic engi-
neering, highlighting the role of nanotechnology in promot-
ing precise genetic modifications and crop protection. In
addition to serving as delivery vehicles, certain nanomate-
rials can act as nutrient supplements or immune activators,
thereby promoting plant growth and enhancing tolerance to
biotic and abiotic stresses. These properties position nan-
otechnology as a transformative tool for precision crop im-
provement, plant-based biopharmaceutical production, and
fundamental research.

Nevertheless, the practical implementation of
nanoparticle-mediated delivery systems faces several chal-
lenges. The range of nanomaterials suitable for nucleic acid
delivery remains limited, and their uptake mechanisms—
such as entry through stomata, diffusion across the cuticle,
absorption via root meristems, and subsequent apoplastic
or symplastic transport—are still not fully elucidated.
Delivery efficiency is highly dependent on nanoparticle
characteristics, including size, shape, surface charge,
and tissue-specific interactions, which often result in
inconsistent performance. The mechanisms by which these
physicochemical properties govern the delivery process
and overall efficiency remain poorly understood. More-
over, the biological interactions between nanomaterials
and plants are not yet fully understood. The physiological
impact of NPs on plants is highly concentration-dependent.
At optimal doses, NPs can function as efficient biostim-
ulants or nutrient carriers that enhance photosynthetic
performance and boost plant immunity. However, their

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v059a12


218 www.ecmjournal.org

European Cells and Materials Vol.59 2026 (pages 201–228) DOI: 10.22203/eCM.v059a12

large-scale agricultural application is hindered by potential
phytotoxicity and ecological risks. High concentrations
or chronic exposure to metal oxide NPs (e.g., ZnO, CuO,
and MgO) lead to significant accumulation in plant tissues,
triggering the overproduction of reactive oxygen species
(ROS). This induced oxidative stress damages the internal
structures of chloroplasts and mitochondria, ultimately
resulting in programmed cell death. Furthermore, NPs
can adversely affect the soil ecosystem by inhibiting
essential enzymatic activities and disrupting the symbiotic
relationships between plants and beneficial soil fungi.
Collectively, these impacts pose a serious threat to long-
term soil fertility and the stability of nutrient cycling.
To fully harness the potential of nanotechnology in plant
biotechnology, future research should prioritize several
key directions. First, it is essential to expand the library of
biocompatible and multifunctional nanomaterials tailored
for a broad spectrum of plant species. This involves precise
optimization of nanoparticle properties—such as size,
surface charge, functional groups, and responsiveness to
plant-specific microenvironments (e.g., pH fluctuations
and enzymatic activity). Computational modeling and
high-throughput screening offer promising strategies to
expedite the design of NPs with improved biocompatibility
and delivery efficacy. Concurrently, a deeper mechanistic
understanding of nanoparticle uptake, transport, and
subcellular localization is urgently needed. Research
should focus on clarifying endocytic pathways, systemic
mobility through symplastic and apoplastic networks,
and interactions with cellular structures. In addition, a
comprehensive and systematic assessment of the long-term
impacts of NPs on plant physiology, ecological systems,
and environmental safety remains imperative. Critical
studies on nanoparticle persistence, biodegradability, and
potential trophic transfer along the food chain are essential
to ensure sustainable and safe integration into agricultural
practice. Furthermore, the inherent biological activities of
NPs, such as nutrient delivery, immune stimulation, and
growth regulation, should be intentionally integrated into
carrier design. Leveraging these intrinsic properties can
enable dual-functional systems that enhance plant health
and development while successfully delivering genetic
cargo. The safety of NPs, specifically regarding their
potential phytotoxicity and impact on the soil ecosystem,
must also be taken into account, as these factors will influ-
ence their final large-scale application. Addressing these
multifaceted challenges will establish a robust foundation
for the rational design of next-generation nanocarriers
and support their transition from laboratory innovation to
real-world agricultural applications.
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