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Abstract

Genome editing is one of the key technologies in contemporary plant biotechnology, which
has been revolutionized using CRISPR/Cas systems that offer rapid, flexible, and precise
options to improve agricultural characteristics, enhance stress tolerance, and accelerate
breeding of crops and trees. Despite the significant benefits of CRISPR/Cas systems, their
use is restricted by difficulties in genome-editing materials into plant cells. The conven-
tional approaches include Agrobacterium-mediated transformation, particle bombardment
and PEG-mediated transfection; these have contributed significantly to advancements in
the field; however, dependent on specific plants and requiring tissue cultures, these meth-
ods lead to random transgene insertion and poor transformation efficiency. In addition,
nanotechnology represents a novel method of delivering CRISPR cargos into plant cells
using minimal invasiveness and potentially without DNA. This review provides a synop-
sis of the most employed CRISPR/Cas systems within plants, comparing the traditional
delivery mechanisms and the various nanotechnological delivery vehicles, such as lipid
nanoparticles, carbon nanotubes, DNA nanostructures, mesoporous silica nanoparticles,
magnetically responsive nanoparticles and green nanomaterials. This review discusses
the present challenges of delivery efficacy, biocompatibility, cargo integrity, and regulatory
issues, and provides suggestions for future research directions regarding nanotechnology-
assisted genome editing for precision breeding, sustainable agriculture, production of crops
tolerant to climate conditions, and forest biotechnology.

Keywords: nanotechnology; nanoparticles; CRISPR; delivery methods

1. Introduction
The multidimensional processes driving climate change are mostly caused by anthro-

pogenic activities, along with different threatening stressors (such as biotic and abiotic),
having a negative impact on the life of crop and forest tree species, particularly the yield,
growth, and physiological responses [1–4]. Advances in genome editing have shown that
it is essential for protecting plants from challenging environmental conditions. When
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CRISPR/Cas9, a revolutionized genome-editing technology, was presented to the scien-
tific community in 2012, this system became a powerful tool in research, providing a fast,
inexpensive, and highly precise method for editing the DNA of living organisms. That is
why CRISPR has become the most effective and highly applied system in various aspects
by increasing food security through enhancing crops and nutritional value, resulting in a
technology of choice for the world population [5].

Addressing these challenges, over the years, CRISPR has been increasingly incor-
porated into modern breeding methods, proving to be an effective tool for genome
editing [6–9]. The delivery efficiency of CRISPR components into plant cells remains a
technical challenge, limiting the full potential of CRISPR technology. Plant cells, unlike
animal cells, possess a highly complex cell wall, which acts as a natural barrier that stops
the CRISPR components from being easily introduced into the cell. Because of these natural
physical barriers, delivery methods have developed and continue to develop so that the
CRISPR components can be inserted into the cell more efficiently and the molecule can be
transported into the nucleus safely to ensure precise editing of the genome [10].

Nanotechnology is emerging as a promising alternative method to improve the deliv-
ery of foreign molecules into plant cells. Nanoparticles have been studied more in animal
cells than in plant cells in genome editing (GE) because animal cells do not possess a rigid
cell wall. However, nanoparticles have gained ground in genome editing as an alternative
method of integrating exogenous material into plant cells [11,12]. Because of obstacles
presented by alternative delivery methods, genome editing has rapidly used advancing
nanotechnology to transport exogenous genetic material into plant cells. NP could surpass
the current challenges that other delivery methods have, enhancing the protection of the
complex and the transformation efficiency [13].

1.1. Brief Overview of CRISPR Systems

CRISPR/Cas immunity encompasses three distinct phases: adaptation, expression,
and interference. The CRISPR phases are interrelated with each other, and if any stage does
not proceed as expected, it can lead to compromising the immune response to invasive
nucleic acids, which can fail, increasing susceptibility to infections and, in some cases, even
cell death [14–16].

Most of the six types derived from the two CRISPR classes are included in the adapta-
tion phase. Adaptation, also referred to as insertion or the acquisition process, encompasses
the selection, processing, and integration of short foreign DNA fragments into CRISPR
arrays to generate new spacers from invading genomes. Most class 1 and class 2 systems
contain the effector complexes along with the guide RNA (gRNA) and share the common
genes, Cas1 and Cas2, which are involved in the adaptation process. In the adaptation
process, two types of spacer acquisitions exist, named type I and II. Both types use the same
complex to cleave and insert the spacer, which is (cas12-cas2)2. The fundamental difference
is that in type I, DNA can bend due to the integration of the host factor, which binds the
leader sequence. In type II, the leader anchoring sequence, which identifies the complex and
the spacer, is inserted into the CRISPR array [17,18]. In the expression stage, the CRISPR
array is transcribed into precursors of CRISPR RNA (pre-crRNA). During this stage, new
spacers are gained from exogenous DNA, a process that is possible for most CRISPR types
because protospacer adjacent motifs (PAMs) are near the protospacers. Unlike the other
types, type III systems do not require recognition of PAM, but self-targeting is based on the
complementarity between crRNA and the CRISPR array [18,19]. The interference stage is
the step in which the foreign invasive nucleic acid sequence is cleaved by the Cas protein,
which is activated and guided by crRNAs [20].
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1.2. Current Transformation Methods
1.2.1. Agrobacterium-Mediated Delivery Method

For the delivery of the CRISPR complex using Agrobacterium methods, two Agrobac-
terium species are used: Agrobacterium tumefaciens and Agrobacterium rizogenes. Agrobac-
terium tumefaciens is most commonly employed for delivering genetic material to obtain
transgenic dicotyledonous and monocotyledonous plants. Agrobacterium-mediated trans-
formation relies on the bacterium’s ability to transfer DNA from itself to the plant cell.
The CRISPR cassette is introduced into the Agrobacterium’s T-DNA, which infects the
plant through the wounds in the explant. The T-DNA containing the CRISPR cassette may
become stably integrated into the host plant’s genome, potentially resulting in a genetically
transformed plant; however, CRISPR-mediated genome editing can take place prior to
stable integration of T-DNA in the plant genome. Agrobacterium can be used as a delivery
method because of the virulence genes it possesses. These virulence genes are on a plasmid
into which the CRISPR cassette is introduced, enabling the transfer of the DNA into the
plant genome. This transformation method can be used for many plant species, but it
has limitations; some plants are resistant to Agrobacterium or possess opposing resis-
tance [21,22]. The Agrobacterium-mediated delivery method was first used in 1983 [23].
Since then, this method has been studied for decades, and today there are standardized
protocols for this type of delivery [24].

1.2.2. Particle-Bombardment-Mediated Delivery (Biolistic)

The term biolistic is derived from the abbreviation of biological ballistics and is also
known as the particle bombardment or gene gun, a method that involves directly bom-
barding cells with DNA fragments using a gene gun. The particle bombardment delivery
method (biolistics) is an alternative for genetic manipulation, employing a biological com-
ponent as the carrier. This method was the first to achieve organelle transformation (in
mitochondria and chloroplasts) and to transform recalcitrant crop species. The biolistic
delivery method was developed to deliver DNA directly into cells. A major advantage
of biolistics is its applicability to transferring DNA to both eukaryotic and prokaryotic
organisms, including fungi, bacteria, algae, plants, and animal cells. The method works
by accelerating a carrier particle (gold, wolfram, etc.) with a diameter of two microns, to
which the engineered complex is bound. The carrier particle breaks the cell wall, and once
the complex is inside, genetic manipulation begins [25–29].

1.2.3. PEG-Mediated Delivery

Polyethene glycol (PEG)-mediated delivery is another of the most commonly used
methods after Agrobacterium-mediated delivery and the biolistic method. Because of the
advantages of the PEG method (low-cost, rapid process, no specialized equipment required,
stable results, and no need for aseptic conditions), it has become a widely used technique
for plant protoplast transformation [30]. PEG delivery involves the physicochemical uptake
of foreign DNA by increasing plasma membrane permeability via endocytosis in plant
cells or protoplasts, under the action of polyethene glycol, calcium chloride, and also high
pH [12]. The polyethene glycol concentration is between 15 to 40%, along with other
chemicals. After the process is complete, the PEG is removed, and the intact protoplasts
are separated from the other chemicals and cultivated on regeneration medium [31,32].
The advantage over other methods is that the PEG-mediated delivery method can deliver
ribonucleoproteins without traces of foreign DNA [29].

The main characteristics, advantages, and limitations of these delivery methods are
summarized in Table 1.
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1.2.4. Limitations of Traditional Delivery

Plants have complex genomes and structures compared with other living organisms.
Genome editing has been conducted in a limited number of plant species due to restric-
tions in the current traditional methods restricted. The most widespread methods to
deliver the CRISPR components into plants are Agrobacterium-mediated delivery and
particle-bombardment-mediated delivery (biolistics), where the CRISPR cassette is inte-
grated randomly into the cell, with possible continuous expression in the host cell. The
Agrobacterium method is one of the principal methods used in plant genome editing; it
has limitations in its applicability to a broad range of species (Table 1). The limitation
of the host range reduces its applicability, with several species being recalcitrant to this
type of delivery method. The floral dip method also has restricted applicability; it is
accessible to Arabidopsis thaliana and related species [21]. The major limitation of the
particle-bombardment-mediated method is that delivery of the CRISPR components is
inaccurate, leading to potential genome-wide damage through brute force and the use
of chromosomal rearrangements [24]. An overview of the major CRISPR/Cas delivery
strategies in plants is presented in Figure 1.

Table 1. Comparative analysis of delivery methods for plant genome editing.

Delivery Method Transformation
Efficiency Host Range Transgene

Integration
Tissue

Damage
Regeneration
Requirement Scalability

Agrobacterium-
mediated

transformation
High [21–24] Moderate-high

[21,22]
Frequent

[21,22]
Moderate

[33] Required [34] High [22,32]

Particle
bombardment

(biolistics)

Moderate-high
[25–29] Broad [25–29] Frequent

[25–29] High [24] Required [34] Moderate [31]

PEG-mediated
delivery Moderate [30–32] Limited [30–32] Low [29–31] Low [29] Required [31] Moderate [35]

Nanotechnology
mediated
delivery *

Moderate [36,37] Broad
(potential)

Moderate
(potential) [10] Low [38] Reduced [4] High [2]

Note: * Currently under active development and the performance may vary.

 

Figure 1. General components of CRISPR/Cas delivery in plants. Created in BioRender. Huiban, F.
(2026) https://BioRender.com/pl7bf0a.
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2. CRISPR/Cas Systems Used in Plants
2.1. CRISPR/Cas9

CRISPR/Cas9 has become the most used system in plant genome editing. Type II Cas9
from Streptococcus pyogenes has two elements: the Cas9 nuclease combines with a single
guide RNA (sgRNA), which is an engineered fusion of crRNA and a fixed transactivation
crRNA. Because of this, the CRISPR/Cas9 complex can be used as an effective tool to target
specific DNA sites. In the context of delivery, CRISPR/Cas9 can be introduced into the
cell as plasmid DNA, RNA, or a ribonucleoprotein complex (RNP), providing versatility
for nanoparticle-based delivery [39]. Cas9 has been proven to be effective in several
species. In rice (Oryza sativa), three SWEET genes have been targeted for the outcome of
bacterial blight resistance by using the CRISPR/Cas9 system [40]. Cas9 was used in wheat
(Triticum aestivum) for powdery mildew resistance [41], in maize (Zea mays) to improve yield
stability [42], and soybean (Glycine max) to improve the quality of oleic acid content [43]. In
forestry, CRISPR/Cas9 was used on Populus trichocarpa and Eucalyptus grandis to change
the lignin biosynthesis pathways [44,45] and in various other plant species.

2.2. CRISPR/Cas12

Cas12, also known as Cpf1, is classified as a class 2 type V system. Cas12 functions
similarly to Cas9 but recognizes different PAM sequences, and it uses a single CRISPR RNA
(crRNA) to recognize and cleave the targeted DNA sequence [46]. Cas12, like Cas9, can be
delivered in a multitude of molecular arrangements; its functioning relies on crRNA instead
of sgRNA, presenting a reliable option for nanoparticle-based delivery into plants [47,48].
Cas12 has proven its efficiency in several major plants, including rice (Oryza sativa), to-
bacco (Nicotiana tabacum), for efficient targeted mutagenesis [46], tomatoes (Solanum ly-
copersicum), Arabidopsis (Arabidopsis thaliana), and wild tobacco (Nicotiana benthamiana)
for targeted mutagenesis [49]. In 2020, in forestry, CRISPR/Cas12 was first used on the
Populus alba × Populus glandulosa hybrid, where three Cas12 nucleases were tested, with
AsCas12a showing the highest mutation efficiency at 70%. Before this, the effectiveness of
Cas12 nucleases in woody plants was unknown [50].

2.3. Base Editors

Base editors are represented by advanced engineered CRISPR systems that substitute
nucleotides without using foreign donor DNA [51], facilitating direct substitutions for
targeted nucleotides from cytosine (C) to thymine (T) and from adenine (A) to guanine (G)
for endogenous genes [52]. The base editors are divided into two distinct classes: cytosine
base editors (CBEs) and adenine base editors (ABEs). Cytosine base editors (CBEs) are
used to make substitutions from C-G to T-A, while adenine base editors can convert G-C to
A-T. The base editors are composed of CRISPR/Cas9 variants, sgRNA, and deaminases,
which increase the size of the molecule, making the cargo complexity for nanoparticles
higher than that of the Cas9 protein [53]. Base editing is applied in many species to remodel
different endogenous genes. For instance, in rice (Oryza sativa), different CRISPR/Cas9
variants were applied to create substitutions for cytosine and adenine simultaneously in
OsSPL sites. Similar approaches were done in tomato (Solanum lycopersicum) and potato
(Solanum tuberosum) [54], Arabidopsis (Arabidopsis thaliana), rapeseed (Brassica napus) [55],
and a hybrid poplar clone (P. tremula × P. alba clone INRA 717-1B4) [56,57], and Citrus
(Citrus sinesis) [57].

2.4. Prime Editor

Prime editors are a versatile genome editing technique that use reverse transcriptase,
which may reduce undesired off-target editing in plant genomes and enhance the efficiency
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of specific insertions by utilizing double-stranded break (DSB)-free procedures [58,59]. De-
livery of prime editors via nanoparticles is exceptionally difficult because of the molecule’s
multifaceted structure, which includes a Cas9 nickase, reverse transcriptase, and pe-
gRNA [59]. Prime editing has been effectively implemented in several plant species,
including rice (Oryza sativa) [60], maize (Zea mays) [61], wheat (Triticum aestivum) [62],
peanut (Arachis hypogaea), chickpea (Cicer arietinum), cowpea (Vigna unguiculata) [63], tomato
(Solanum lycopersicum) [64], and other crop species. In forestry, currently, a poplar hybrid
(P. alba × P. glandulosa) is the only documented species where prime editing was demon-
strated [65]. Despite the evidence that prime editing is an advanced tool used in genome
editing, its efficiency is rather low, which is influenced by parameters such as pegRNA,
playing a key role in the efficiency of prime editing, the reverse transcriptase template, the
prime binding site, the repairing pathway, and the location of the selected region to induce
mutations [66].

3. Challenges in CRISPR Delivery in Plants
3.1. Cell Wall Barrier

The plant cell wall is a multilayer rigid physicochemical barrier that protects the
cell from external influences. In genome editing, the plant cell wall is a major bottleneck
that lowers the possibility of delivering DNA, RNA, or RNP, which slows down progress
in genetic engineering. Due to this, specific delivery methods have been developed to
overcome this challenge. The two most common delivery methods used in plants are
Agrobacterium-mediated delivery and biolistics (gene gun), both of which can surpass the
natural barrier of the cell due to their unique characteristics, but these methods also have
disadvantages. Currently, genome editing in plants lacks an exogenous genetic material
delivery method that allows a passive delivery with minimal or without causing damage
to the cell [10,67]. In crops, the genetic transformation progress is more prominent than in
other species [68], such as woody plants, which remain more recalcitrant due to genotype
dependency and regeneration difficulties [69], and highly developed cell walls (lignin,
cellulose, and hemicellulose) with increased lignification [70].

3.2. Low Transformation Efficiency

Multiple biological factors influence the transformation efficiency, and delivery meth-
ods remain closely connected to the effectiveness of CRISPR components within cells,
especially for large molecules such as RNP. Effective transformation efficiency has been
achieved in several species with different delivery methods; each delivery method has
different transformation efficiencies [10]. Agrobacterium-mediated delivery offers stable
transformation efficiencies, but this method is efficient only in a narrow variety of species.
However, the regeneration process of transformed cells is sophisticated, often resulting
in no results. The particle bombardment method offers broader applicability than the
Agrobacterium delivery method. Many factors play a key role in the efficiency of this deliv-
ery method, such as the particle type used, quantity, size, and acceleration process, and the
transformed cells are usually damaged because of the force applied, which leads to a high
probability of the regeneration of tissue [71]. In crop species, the transformation efficiency
can vary from below 1% reported in soybean (Glycine max), the lowest transformation effi-
ciency [72], to the highest of 75% in Nicotiana tabacum [73]. In forestry, the efficiency differs
from the crop species; the lowest value reported is 1.9% in E. urophylla × E. grandis [74],
and the maximum is above 50% in Populus alba × P. glandulosa [75].
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3.3. Tissue Culture Dependency

Tissue culture dependency is recognized as a bottleneck that limits transformation
efficiency; most of the delivery methods used in plants require the transformed cells to be
regenerated into whole plants. A successful CRISPR transformation does not only require
an effective delivery of the CRISPR cargo into the cell, but also an optimized tissue culture,
depending on the delivery method used and also on the type of explant and species [76].
For regulating organogenesis in vitro, two widely used phytohormones are used; different
concentrations of auxins and cytokinins have been studied over the years on several species
to induce callus formation leading to whole-plant regeneration, which is a critical step
to a successful transformation [77]. Many types of tissue cultures can be achieved; a few
examples are immature embryos, axillary buds, young leaf segments, pollen, internodal
segments, root segments, and others. For each type of explant used, specific protocols must
be developed to achieve successful transformation [78].

3.4. Off-Target Effects

One challenge genetic manipulation often faces is off-target effects, which affect the
development of CRISPR in plants. In many plants, compared with other cell types, the
frequency of off-target effects is lower, making the genome-editing tool CRISPR more
effective in plants than in human cells [79]. Off-targets are a common challenge in genome
editing. Inducing off-targets in a genome can lead to chromosomal rearrangements, causing
mismatches and completely changing the genome. If the off-target is not kept under control,
it can lead to unintentional changes in different genes, which can cause the genes to lose
their functions or change them, ensuring that the plant develops physiologically differently
from the parent plant [80]. Off-target effects have been classified into three types. The first
type refers to regions and other PAMs (5′-NGG-3′) containing substitutions or mismatches.
The second type refers to indels in the regions and other PAMs (5′-NGG-3′). The third type
involves the removal of sequences with various PAMs (5′-NAG-3′) [81]. The design process
is one of the most important steps in reducing the number of undesired off-target effects.
Cas9 and Cas12a are highly specific, but undesired off-target effects can still appear. By
designing highly specific single-guide RNA (sgRNA), the number of undesired incidents
within the genome can be drastically reduced [82]. Off-targets mutation has been reported
in many species; a few examples in crops are Oryza sativa [83], Vitis vinifera [84], Arabidopsis
thaliana [85], etc., but less in woody plants because tree species were not all sequenced
and studied at the time; off-targets were reported in Populus tremula × alba and Eucalyptus
grandis × urophylla hybrids [86].

3.5. Delivery of CRISPR Components

The delivery of the CRISPR complex can be made with several methods; the methods
are chosen depending on the type of cells that are used and the desired result. The
challenges for the delivery of the CRISPR complex are the optimization and engineering of
the chosen method for the desired species. Also, there is a need to develop standards for
all the methods in both in vivo and in vitro assays, as well as less costly and more efficient
methods to engineer CRISPR delivery vehicles. Most of the methods depend on specialized
equipment, limiting the scalability and ease of the implementation of the methods. All
these challenges affect CRISPR and genome editing, restraining the method from being
applied in most cases, only in research, and less in large-scale industries [87].

4. Nanotechnology-Based CRISPR Delivery Systems
Nanotechnology has developed in the late twentieth–early twenty-first century [88] as

a need to address several limitations in plant biotechnology. Nanotechnology has entered
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the field of agroforestry to deliver pesticides (nanopesticides), fertilizers (nanofertilizers),
and overall to deliver different chemicals (nanochemicals) and nanobiosensors [89,90].
Recently, nanotechnology has attracted attention in the scientific world in the field of
genome editing, due to its ability to deliver different molecules effectively, with the potential
to overcome the classic bottlenecks found in traditional gene delivery methods, such as the
low transformation efficiency in specific species and the thicker cell wall found in woody
plants, where the current delivery methods have difficulties penetrating the cell wall and
are subject to genotype dependency [91].

Nanotechnology, through its capacity to modify matter at the nanoscale, offers high ef-
ficiency, durability, and versatile surface chemistry, and has the potential to transform many
areas of plant biotechnology [36]. Nanoparticles (NPs) or nanomaterials (NMs) are very
small particles ranging from 1 to 100 nm [92] and hold the ability to enter plant cells, pass-
ing through the cell wall pores without the use of brute force [24]. Nanotechnology-based
CRISPR includes carbon nanotubes (CNTs), mesoporous silicon nanoparticles (MSNs),
lipid nanoparticles (LNPs), magnetic nanoparticles (MNPs), and green nanoparticles, and
has been used to deliver different components into the cell, such as RNPs, DNA, RNA,
and proteins [21]. A visual representation showcasing the nanoparticles is presented in
Figure 2.

4.1. Carbon Nanotubes

Carbon nanotubes (CNTs), as the name suggests, are carbon-based nanomaterials that
are shaped in the form of tubes. CNTs are divided into two classes based on the number
of concentrical walls: single-wall carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) [4]. SWCNTs have a diameter of 0.6 to 2.0 nm [93] and comprise a
singular layer of graphite in a cylindrical configuration, whereas MWCNTs with a diameter
of 5 to 100 nm [94] are composed of various layers of concentric graphite [95]. Carbon
nanotubes have been shown to have the ability to deliver DNA and RNA into cells. Besides
being able to deliver genetic information, it is a viable option to deliver plasmid DNA
and the CRISPR/Cas9 complex, conferring protection from enzymatic degradation for the
molecules it carries [96]. Combining CNTs with different molecules, particularly polymers
(polyethylenimine), arginine, or chitosan, enhances the nanotubes’ ability to load DNA
more efficiently. In a recent study, the carbon nanotube-mediated delivery of plasmid DNA
into cowpea leaves was achieved, causing no toxicity or damage to the tested leaves [38].

4.2. Lipid Nanoparticles

Lipid nanoparticles (LNPs) are a delivery method composed of four kinds of lipids:
ionizable lipid, PEG-lipid helper phospholipid, and cholesterol, forming the lipid nanopar-
ticle structure [97]. LNPs, because of their structure, are composed of a hydrophilic head
and a hydrophobic tail; this structure offers an ideal intercellular delivery of CRISPR/Cas9
into the cell [98]. LNPs have a diameter of <100 nm and consist of lipids and the nucleic
acid cargo [99]. A ribonucleoprotein (RNP) with an overall negative net charge is produced
by complexing the cationic Cas9 protein with a net charge of +22 with gRNA. For the
encapsulation of all CRISPR/Cas9 components (plasmid DNA, mRNA, or RNP), ionizable
cationic lipids are consequently essential [100].

4.3. DNA Nanostructures

DNA nanostructures are artificially designed structures engineered by modifying the
sequence, length, and topology of DNA strands, allowing the development of different
DNA structures such as cubes, tetrahedra, and polyhedral structures. The advancements
in computational design tools have revolutionized the precise regulation of DNA nanos-
tructure assembly, facilitating the creation of complex designs, such as DNA origami,
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DNA tiles, and dynamic nanomechanical devices [101]. DNA possesses the unique ability
that the nucleotides can be precisely designed, making it possible to rearrange the DNA
into unique complex two-dimensional (2D) and three-dimensional (3D) structures [102].
Two-dimensional nanostructures can be formed via rolling circle amplification (RCA),
hybridization chain reaction (HCR), exponential isothermal amplified strand displacement
reaction, and catalytic hairpin assembly [103]. Sun et al. developed a DNA nanoclew vehi-
cle to deliver CRISPR components in mice; the vehicle was a yarn-like structure synthesized
by rolling-circle amplification (RCA) [104]. DNA nanostructures have been studied less in
plants for genome editing than in other fields. Zhang et al. have successfully shown that
DNA nanostructures can be used as an effective delivery vehicle for siRNA in plant cells
for efficient gene silencing [105].

4.4. Mesoporous Silica Nanoparticles

Mesoporous silica nanoparticles (MSNs) are made of silicon dioxide (SiO2) [96], char-
acterized by pores with diameters between 2 and 50 nm [93]. Different methods can be
used to synthesize MSNs, such as sol-gel synthesis, hydrothermal synthesis, microwave
synthesis, template synthesis, and soft and hard templating. Each method used has a
different result on the morphology of MSNs, resulting in nanospheres, yolk-shells, hollow
porous structures, and core-shells, regulating the surface area, encapsulation efficiency,
and biomolecular release behavior. Cationic MSNs can bind electrostatically with DNA or
RNA, forming a complex that protects the molecules, enhancing the stability and cellular
uptake [106]. MSNs can successfully penetrate the cell wall, resulting in a high efficiency
of gene delivery [37] and can incorporate different nucleic acid cargos of different sizes,
from siRNA to larger molecules such as CRISPR/Cas complexes [107]. Xu et al. demon-
strated that MSNs can deliver a CRISPR/Cas9 plasmid into U2OS cells, reaching a loading
efficiency of approximately 50% [108].

4.5. Magnetic Nanoparticles

Magnetic Nanoparticles (MNPs) are usually nanoparticles coated with iron oxide and
cationic polymer polyethyleneimine (PEI), which is a method to deliver exogenous genetic
material into the targeted cells using magnetic fields by aligning the vector with the MNPs
through a process called magnetofection [94,109,110]. Mainly, magnetofection has been ap-
plied in medical and animal research, slowly emerging into plant sciences. Plant cells have a
naturally developed cell wall, acting as a natural barrier against incorporating foreign DNA,
making them less susceptible to genome editing, in contrast with bacterial and mammalian
cells, which lack this type of defensive mechanism [111]. Recently, magnetofection was
reported in both dicotyledons (okra [112], tabaco [100], cucumber [113], pumpkin, and
pepper [111]) and monocotyledons (maize, sorghum [114], and lily [115]). However, the
pollen of some species is less appropriate to magnetic nanoparticle transformation along
with targeting specific organelles such as chloroplasts and mitochondria [116].

Pollen magnetofection uses cationic polyethyleneimine (PEI) coated with Fe3O4 mag-
netic nanoparticles serving as a carrier for the delivery of DNA. The positively charged
nanoparticles bind with the negatively charged DNA molecule, resulting in the formation of
a stable MNP-DNA complex. Applying external magnetic fields to the MNP-DNA complex
towards the pollen enhances penetration through the pollen before pollination [111].

Magnetic nanoparticles have been used to genetically modify pollen and have enabled
a tissue culture-free procedure when magnetofection is combined with pollen-mediated
transformation. Because this technique is mainly performed on pollen and limited processes
on plant tissues, it could be applied to a wide range of species and not be species-dependent
like other delivery methods. Even though it has been proven to deliver the CRISPR/Cas9
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plasmid and could potentially transform a variety of species, the transformation efficiency
varies between species [4,117].

4.6. Green Nanoparticles

Green nanoparticles can be synthesized from various sources, such as bacteria, yeast,
or plants; the most commonly used source is plants because they are easily and widely
available, offering also a much faster and more stable method than other methods [118].
Chitosan-based nanoparticles are one of the green methods used that can deliver exogenous
DNA/RNA, as well as the CRISPR/Cas9 components. Chitosan has a series of attributes
that have garnered attention, such as biodegradability in the cell, biocompatibility, and
other biological activities. Based on the purpose, chitosan-based non-viral vectors can be
synthesized into various forms and shapes, ranging from nanoparticles to micelles, each
with distinct characteristics [87,119,120]. The application of green nanoparticles remains
limited as a delivery method in plants; research in the field on green nanoparticles as a
delivery method for CRISPR/Cas9 in plants remains largely unexplored (Figure 2).

Figure 2. Types of nanoparticles used in plant biotechnology. (a) carbon nanotube, (b) mesoporous
silica nanoparticle, (c) green nanoparticle, (d) magnetic nanoparticles, (e) DNA nanostructures,
(f) lipid nanoparticles. Created in BioRender. Huiban, F. (2026) https://BioRender.com/0fjswlo.

Even though there are several types of nanoparticles, they are included under the
umbrella of the same technology; they are quite different from each other in terms of size,
operating strategy, loading cargo capacity, release mechanisms, cellular uptake pathways,
and toxic effects. The size of nanoparticles is usually less than 100 nm. In the case of
SWCNTs, the diameter is <2 nm, enabling them to fit very small molecules. Due to the
small diameter of the nanoparticles, they can be delivered in a variety of approaches,
such as leaf infiltration, the spraying method, the magnetic field-assisted method, and
the ultrasound-assisted method, and other approaches [94]. From a toxicity point of view,
carbon nanotubes (CNTs) have the potential to induce phytotoxicity effects by inducing
oxidative stress, affecting the biological processes of plants [121]. Also, the physicochemical
properties of NPs affect the delivery in plants. The surface charge, along with the size,
allows NPs to pass through the cell wall through the pores [94].

5. Advantages of Nanomaterial-Based Delivery
Traditional delivery methods, Agrobacterium-mediated transformation, and the bi-

olistic particle delivery method, despite their limitations, are among the most widely used
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in plant genomics. The main challenges that the traditional methods have are random
DNA integration into the cell, causing physical damage, and being species-dependent.
The novel nanotechnology-based delivery method reduces cell damage and offers high
versatility because these nanomaterials can be engineered to deliver precisely the desired
molecules into plant cells [12]. Although nanomaterial-based delivery in plants has not
been as extensively studied as in animal and medical research, studies in the field provide
essential knowledge for applying this technology to plant genome editing, particularly
when combined with the CRISPR system.

Nanotechnology-based delivery offers many particles that can be designed to serve
as the delivery vehicle for the complex into the cell. Nanoparticles offer high surface-to-
volume ratios and surface functionalization possibilities. These features allow for cargo
preservation and controlled biomolecule delivery, making them viable alternatives to
standard transformation techniques. These techniques protect plants from various stresses,
becoming an alternative to traditional delivery methods [122].

MSNs enable high adaptability for a large amount of DNA and proteins, such as
CRISPR/Cas9, releasing the cargo at the target site in a controlled manner. MNPs also
have several advantages over the conventional methods; they can protect the cargo from
digestion, offering better penetration of the cell wall due to transporting the biomolecules
under the influence of an external magnetic field, enhancing the genetic material load
capacity, and providing a relatively low-cost delivery system [123].

A nanotechnology-based delivery method is evaluated using multiple performance
metrics, including delivery, transformation, and genome editing outcomes. Transforma-
tion efficiency, defined as stable genomic integration, can be high in some cases; it can
approach 100% in stable transgenic plants. However, off-target mutations associated with
CRISPR/Cas9 pose a significant limitation [116]. Gene editing efficiency represents targeted
genome modification after delivery of the genetic material/CRISPR components into the
cell. Gold nanoparticle-based delivery achieved approximately 80% delivery efficiency of
the NPR1 gene in Arabidopsis thaliana [124]. Nanotechnology-based delivery systems in
plants exhibit variable but often substantial cargo delivery efficiency. Carbon nanotube
(CNT)-mediated delivery has demonstrated internalization efficiencies of approximately
62% in plant leaf cells [10]. Beyond cellular uptake, NPs can exhibit different cargo delivery
efficiencies and have been proven to be effective in guard cells, the extracellular space, and
in chloroplasts [125]. Overall, the nanotechnology-based delivery method is a promising
delivery approach, offering a variety of transformations, deliveries, and editing outcomes.
It is necessary to mention that these values vary from species to species and under exper-
imental conditions, and the protocols for nanoparticle-based delivery have not yet been
standardized within plant biotechnology. It is necessary to deepen research on this method
in plants; its large-scale application in plant biotechnology remains insufficiently explored,
unlike in other fields of research.

Notwithstanding these advantages and applications of nanoparticle technology,
nanoparticle-based methods of delivery face limitations regarding tissue toxicity, transfor-
mation efficiency, and environmental impact, emphasizing the necessity for more research
resulting in the optimization of the process prior to their extensive use in plants [122].

6. Applications in Agroforestry Improvement
The CRISPR/Cas system has been widely used in many plant species to enhance

specific traits, including resistance to biotic and abiotic stresses, yield, and nutritional value.
Expression analysis is the first step to identify and select the genes for GE when designing
the gRNA in CRISPR/Cas technology [126]. In Oryza sativa, resistance to bacterial blight
was achieved by using CRISPR to edit the OsSWEET genes [40]. Additionally, Bsr-d1,
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Pi21, and ERF922 were genetically modified to promote resistance to rice blast caused
by Magnaporthe grisea [127]. In Triticum aestivum, CRISPR was used to develop wheat
resistant to wheat dwarf virus [128]. CRISPR/Cas9-mediated mutagenesis was applied
in tomato (Solanum lycopersicum) to target the RIN gene, improving fruit ripening and
shelf life [129]. CRISPR was also used in potato (Solanum tuberosum) to reduce enzymatic
browning by editing the Polyphenol Oxidase gene (PPO) [130], and in soybean (Glycine
max) to alter fatty acid composition by targeting Fatty Acid Desaturase 2 (GMFAD2-1A and
GmFAD2-1B), resulting in higher oil quality [43]. These studies highlight the versatility of
the CRISPR/Cas system in developing a variety of traits across species.

Notwithstanding these advantages and applications of CRISPR in plants, the deliv-
ery of CRISPR components remains a key limitation, especially for recalcitrant species.
Nanotechnology-mediated delivery is increasingly studied to overcome the barriers posed
by other delivery methods. Carbon nanotubes mediated delivery to effectively deliver
plasmid DNA into intact tissues of Nicotiana benthamiana, Triticum aestivum, Eruca sativa, and
Gossypium hirsutum without using external force with an efficiency of as high as 86% [10,91].
Mesoporous silica nanoparticles have been employed as an effective carrier for nucleic acid
delivery in plants, supporting transgene expression in Nicotiana tabacum, Zea mays [131],
and in Arabidopsis thaliana [132]. Magnetic nanoparticles, also known as pollen magneto-
fection, offer a non-invasive delivery method of gene transfer and have been applied in
Cucumis sativus [113], Lillium regale [115], Capsicum annuum L., Cucurbita pepo L., Lilium
brownii, and Cucurbita moschata [111]. Although applications of nanoparticle-mediated
delivery of different cargos into plants have been demonstrated, in forest biotechnology,
their applications remain largely unexplored, highlighting the research gap in genome
editing of tree species.

Nanomaterial-based methods hold tremendous potential to overcome the bottlenecks
inherent to traditional delivery methods, and their application is gradually expanding to
genome-editing technologies in plants. It is important to note that CRISPR, when combined
with nanoparticle-mediated delivery, has not been widely established and its applications
remain limited in plants. Their application is presented in Table 2.

Figure 3 highlights the current distribution of nanoparticle-mediated delivery studies
across plant species and nanoparticle classes based on Table 2. The two types of delivery
systems with the greatest extent of investigation and number of applications in the literature
are: chitosan nanoparticles and carbon nanotubes. Regarding the number of delivery
systems that have been studied, N. benthamiana is clearly the most widely used experimental
system across studies involving both CNTs and DNA nanostructures for use as a model
species for studies related to molecular delivery. CNTs are reported to have some of the
highest delivery efficiencies, with at least one example of efficiency as high as 86%, while
for DNA nanostructures, at least one study reported an efficiency of 47% for gene silencing
in N. benthamiana. Chitosan NPs (green NPs) have been used primarily in crop and woody
species (i.e., including Solanum tuberosum, Paulownia tomentosa, and Phoenix dactylifera),
providing evidence to suggest their suitability for transformation applications in plant
species outside of model plants. In contrast, MNPs and MSPs have been evaluated in a very
limited number of species, and therefore, delivery efficiencies for magnetic nanoparticles
and mesoporous silica nanoparticles are typically reported between approximately 1 and
20%. The heat map shows that the majority of studies have been conducted based on a
few models and crop species; however, few of these types of studies have been conducted
in forestry species, showing a considerable gap in the research area, which represents a
substantial opportunity for the development of nanoparticle-mediated delivery systems in
forest biotechnology.
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Table 2. Reported applications of nanoparticle-based delivery platforms in plant biotechnology.

NP Types Species Application Attempts Outcome Transformation
Rate Reference

Carbon
nanotubes

Nicotiana
benthamiana, Eruca

sativa, Triticum
aestivum,

Gossypium hirsutum

Genetic
material
delivery 2

Efficient DNA
delivery without

transgene
integration

86% [10]

Nicotiana
benthamiana Gene slicing GFP knockdown 70% [133]

DNA Nanos-
tructures

Nicotiana
benthamiana

Gene
silencing

2

Delivery of
siRNA into

mature plant
tissues

47% [105]

Nicotiana
benthamiana

siRNA
delivery Gene silencing - [134]

Mesoporous
silica

nanoparticles

Arabidopsis thaliana Gene
expression

3

Transient gene
expression of
intact roots

46.5% [132]

Zea mays Protein
delivery

Removing
loxP-defined

DNA fragment
from genome

20% [135]

Nicotiana tabacum DNA delivery
DNA delivery in

plant cells
and leaves

7% [131]

Magnetic
Nanoparticles

Gossypium
hirsutum, Capsicum
annuum, Cucurbita

moschata

Pollen mag-
netofection

2

Transgenic plants
through pollen
magnetofection

1% [111]

Cucumis sativus Pollen mag-
netofection

Producing
transgenic seeds - [113]

Chitosan
Nanoparticles

(green
nanoparticles)

Solanum tuberosum,
Paulownia
tomentosa

Gene transfor-
mation

3

Transformation
of UidA and

GUS gen
- [136]

Solanum tuberosum Thionin gene
transfer

Enhance
resistance against

fungus
- [137]

Phoenix dactilifera Thionin gene
transfer

Enhance
resistance against

fungus
- [138]
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Figure 4 provides a representation of the operational flow and the contributing factors
to different nanoparticles that can be used for nanoparticle-mediated CRISPR delivery. The
CRISPR complex, after being encapsulated within CRISPR-nanocarriers and introduced
into the cell, benefits from nanoparticle protection. This protection is maintained until
the nanocarrier is released prior to nuclear entry, facilitating genome editing and subse-
quent DNA repair via the intended mechanism. Beyond the nanoparticle type, a range
of additional elements affects delivery efficiency. The passage of CRISPR nanocarriers
through the cell wall is affected by nanoparticle size, while cell membrane interaction is
mediated by surface charge and nanocarrier stability. Cargo types also influence delivery;
different cargos have specific sizes and require potentially specific nanocarrier protection.
The delivery method elicits differential responses from explant types such as callus, shoots,
leaves, and roots, each demanding particular environmental conditions.

Figure 3. Current status of nanoparticle-mediated delivery systems in plants: distribution of studies
and reported efficiencies across species for nanoparticle platforms. Upper value = nr of studies;
Lower value = transformation efficiency (%); NR = not reported.
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Figure 4. Nanoparticle-mediated CRISPR/Cas delivery in plants: workflow and factors influencing
editing efficiency. Created in BioRender. Huiban, F. (2026) https://BioRender.com/z6h4af3.

7. Biosafety and Regulatory Considerations
For CRISPR-edited plants, biosafety and regulatory considerations remain complex

and rapidly changing, especially when CRISPR editing is combined with a nanoparticle-
based delivery system. The European Union has recently made new proposals on regulating
new genomic techniques (NGTs), aiming to differentiate genetically modified organisms
(GMOs) by dividing them into two categories based on the type of genetic modifica-
tion [139]. The United States has supported the application of CRISPR technologies to
plants and has chosen a product-oriented approach where GMO regulation does not apply
to crops with minimal modification, leading to a series of financial advantages [140]. Each
nation has a different approach when it comes to biosafety and regulation considerations of
GMOs, advancing towards developing guidelines about implementing regulations based
on the type of genetic modification [141]. Japan, India, Australia, and countries from
North and South America have specific regulations for genetically edited crops, with edited
crops being sold on the market. In the case of the European Union, the regulations are
more severe for genome-edited plants; the cultivation of genome-edited crops is a difficult
process that needs authorization [142]. The first CRISPR-edited food was sold directly to
consumers in Japan in 2021. The sold product was Sicilian Rouge tomatoes, which are
genetically enriched to have a high amount of γ-aminobutyric acid (GABA). The tomatoes
were first tested on 4200 farmers who requested the seedlings, and after that, because of
the high demand, the fresh tomatoes were sold directly to customers [143]. The regulations,
considerations, and biosafety in forestry are more complex due to the long-life spans of the
species, causing long-term monitoring of the environment [144].

While countries have developed regulations to address genome editing, nanoparti-
cle technology remains slightly uncovered. Regulatory bodies worldwide are currently
addressing these issues by developing guidelines for nanotechnology [145]. Nanotechnol-
ogy research has been shown to impact the environment and different industries, which
emphasizes the necessity of biosafety standards for nanotechnology, especially when it is
integrated with CRISPR.
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8. Future Perspectives
8.1. Smart Nanoparticles

It is anticipated that nanoparticle-based delivery would significantly enhance the
delivery of the CRISPR system into plants; this type of delivery was also developed as a
smart nano-delivery system [146]. Nanoparticles can be engineered as a delivery cargo for
siRNA into mature plant tissues to induce gene silencing without the demand of transgenic
integration [134]. Several nanoparticles, such as carbon nanotubes (CNTs), mesoporous
silica nanoparticles (MSNs), magnetic nanoparticles (MNPs), and other types of nanoparti-
cles, have been demonstrated to have broad applicability in delivering exogenous genetic
material in plants, which is a distinct advantage compared with the traditional delivery
methods used in genome editing [97]. Although smart nanoparticle delivery offers unique
advantages in the biomedical applications of CRISPR/Cas9 delivery, where smart nanopar-
ticles respond to endogenous and exogenous signals, the same systems remain uncovered
in plant biotechnology [147].

8.2. AI-Guided Delivery Systems

Computational algorithms that learn from data to recognize patterns and make predic-
tions based on the data provided are a component of Artificial Intelligence (AI), including
machine learning (ML) and deep learning (DL) [148]. The rapid development of Artifi-
cial Intelligence (AI) has infiltrated many areas; slowly, AI is paving its way into plant
biotechnology, especially through the design, prediction, and interaction of nanoparticles.
AI can help optimize the best design for the components that are transferred into the cell
by successfully helping researchers develop new Ca9 variants, different from the wild
type, while still maintaining their normal functions [149]. AI-driven models can predict
how nanoparticles affect functional responses in plant cells, test different experimental
conditions, and simulate interactions [150].

9. Conclusions
Various delivery methods are being developed to introduce cargo, along with ex-

ogenous DNA, into cells. The traditional delivery methods have proven successful in
penetrating the plant cell wall and introducing the CRISPR/Cas9 complex into several
plant species. However, CRISPR is a powerful advanced technology designed to genetically
modify genomes, but its efficiency is limited because of the delivery methods, which,
besides others, become a major overwhelming bottleneck. The Agrobacterium-mediated
delivery method remains the most used method to deliver the complex, but one of the major
challenges for this method is that certain species are recalcitrant to Agrobacterium, and
tissue culture dependency. The second most used method is biolistics, which can penetrate
the cell wall with the force of gold or tungsten microparticles at high velocity using a “gene
gun”; the major challenge with this method is to deliver the complex without causing major
damage to the cell, as transformed plant cells cannot regenerate a whole plant.

Now, emerging alternative methods to traditional delivery systems represent a promis-
ing future direction in GE, as they enable nanoparticle-mediated delivery. Notwithstanding,
nanoparticle-mediated CRISPR delivery is still in its early stages. Its applicability has been
more focused on mammalian cells and less on plants due to key challenges related to
cargo loading capacity, cell wall penetration, delivery specificity, and environmental safety.
The nanoparticle method has been proven to be able to deliver DNA, RNA, or RNPs.
Nanoparticles have the ability to protect the cargo from digestion and have the potential to
deliver bigger proteins, such as CRISPR/Cas9. Nanoparticles with the help of Artificial
Intelligence can be engineered to be biodegradable and plant-compatible, which is a key
condition in the biosafety of genome editing applications.
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The future of this technology relies on the combination of different nanotechnology
platforms with genome-editing tools. An engineered multifunctional nanocarrier can
deliver exogenous genetic material through a controlled process to a specific part of plant
cells, resulting in an improved delivery process of CRISPR/Cas technology. Nanoparticle-
assisted delivery has been proven to be effective in a few crop species and is largely
understudied in tree species. Nanotechnology and genome editing continue to develop
together, and as they do, the fusions of these two areas may create new generations
of precision breeding tools that will aid in the development of sustainable agricultural
methods, resilient forestry practices, and future global food and environmental security.
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AI Artificial intelligence
ABEs Adenine base editors
CNTs Carbon Nanotubes
CBEs Cytosine base editors
CRISPR Clustered regularly interspaced short palindromic repeats
DL Deep learning
DNA Desoxyribonucleic acid
DSBs Double stranded breaks
GE Genome editing
GMOs Genetically modified organisms
LNP Lipid nanoparticle
ML Machine learning
MNPs Magnetic nanoparticles
MSNs Mesoporous silica nanoparticles
NGTs New genomic techniques
NMs Nanomaterials
NPs Nanoparticles

https://doi.org/10.3390/plants15142177

https://doi.org/10.3390/plants15142177


Plants 2026, 15, 2177 18 of 24

PAM Protospacer adjacent motif
PEG Polyethene glycol
RNA Ribonucleic acid
RNP Ribonucleoprotein
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