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Nanocarriers (NCs) that can precisely deliver active agents, nutrients and
genetic materials into plants will make crop agriculture more resilient to
climate change and sustainable. As aresearch field, nano-agriculture is still
developing, with significant scientific and societal barriers to overcome.

In this Review, we argue that lessons can be learned from mammalian
nanomedicine. In particular, it may be possible to enhance efficiency and
efficacy by improving our understanding of how NC properties affect their
interactions with plant surfaces and biomolecules, and their ability to carry
and deliver cargo to specific locations. New tools are required to rapidly
assess NC-plantinteractions and to explore and verify the range of viable
targeting approaches in plants. Elucidating these interactions canlead to the
creation of computer-generated in silico models (digital twins) to predict
the impact of different NC and plant properties, biological responses, and
environmental conditions on the efficiency and efficacy of nanotechnology
approaches. Finally, we highlight the need for nano-agriculture researchers
and social scientists to converge in order to develop sustainable, safe and
socially acceptable NCs.

Industrial fixation of N, and massive terraforming of the Earth’sland
mass have enabled sufficient food production for society, but current
agricultural practices are unsustainable. At the same time, demand for
food isincreasing globally’, while climate-related events (for example,
heatwaves and drought) are predicted to decrease crop yields**. Agro-
chemicalinputs are also getting more difficult and expensive to source
(forexample, phosphorus and water), soils are being degraded and lost
atrates higher thanthey are formed?®, and crop pests are becoming more
difficult to control with awarming climate. Greenhouse gas emissions
from agriculture account for14-28% of global greenhouse emissions*,
further exacerbating climate change and the corresponding impact
on crops. There is a tremendous need for disruptive technologies®
to overcome challenges to meeting future food demand and to meet

many of the 17 Sustainable Development Goals set forth by the United
Nations, including zero hunger, climate action, and preserving life in
water and on land.

Plant nanobiotechnology provides novel nano-enabled delivery
approaches to improve the efficiency of agrochemical use, increase
crop resilience and increase yields’ . Nano-enabled carriers (nano-
carriers (NCs)), made of active agents (AAs) such as copper or zinc,
and polymer, silica and carbon nanomaterials loaded with AAs, can
improve plant resilience against disease, promote photosynthesis and
protect plants against environmental threats such as heat and salin-
ity stress®®. Application of nanoscale micronutrients increases their
uptake and translocation by 20-60%, resulting in similar increases
in biomass or yield’ ™. NCs can enhance the delivery of AAs, genetic
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Table 1| Examples of targeted delivery of NCs and chemical cargoes in plants through biorecognition

Target Surface moieties enable targeting

Nanocarrier

Designed functions Ref.

Phloem Sucrose

Carbon dots

Promote uptake and delivery of chemical cargo 18
to phloem by B-cyclodextrin-functionalized
carbon dots

Glycine methyl ester

Polysuccinimide NCs

NC delivery of fungicide mediated by plant 29
amino acid transporter AtLHT1

Stomataguard LM6M antibody/BSA Gold nanoparticles Nanoparticle delivery to leaf stomata and 27

cellsand trichomes

trichomes

Nucleus Peptide (PKKKRKVKHKHKHKHKHKHKHKHKH/ Nucleus/cell-penetrating Improved nucleus internalization of cargo 30
RRRRRRRRR) peptide nanocomplex

Chloroplasts Peptide (KH9-OEP34) Organelle/cell-penetrating  Improved organelle internalization of cargo 25,31

peptide nanocomplex

Peptide (MASSMLSSATMV)

Quantum dots

Delivery of chemical cargoes by -cyclodextrin- 12
functionalized quatum dots into chloroplasts

Peptide (MASSMLSSATMVGGGGGGKHKHKHKHKHKH)

Carbon nanotubes

Delivery of plasmid DNA-coated single-walled 13
carbon nanotubes into chloroplasts

Peptide (MASSMLSSATMVGGC)

Carbon dots

Delivery of chemical cargoes by 3-cyclodextrin- 13
functionalized carbon dots into chloroplasts

Mitochondria Peptide (MLSLRQSIRFFKC)

Carbon nanotubes

Delivery of plasmid DNA-coated single-walled 16
carbon nanotubes into mitochondria

material or anti-stress agents to specific biological targets, including
plant leaves, roots vascular tissues and organelles (chloroplast and
mitochondria)'>", However, there are many challenges to making
these approaches efficient.

The challenges of using NCs to deliver nutrients or AAs in plants
parallel those in nanomedicine. Over 30 years of research in nanomedi-
cine canbe leveraged for the design of precision delivery approaches
for plants, including the development of biocompatible formulations,
biotargeting principles and controlled release mechanisms®>?, and
pharmacokinetic models for assessing NC—-cell interactions?, uptake,
efficacy and toxicity. Recent studies have adapted approaches pio-
neered in nanomedicine to provide ‘targeted delivery’ in plants with
some success (Table 1). However, there are important differences
between precision delivery in plants and humans, leading to several
key knowledge gaps that must be addressed.

« Plants have different cell barriers for nanomaterial uptake
compared with mammalian cells, including cell walls, cuticle and
mucilage. The cell walls made of cellulose, hemicellulose and
pectinin plantsare acrucial structural barrier that does not exist
inmammalian systems.

« Biologicaltargetsin plants (for example, chloroplasts and phloem)
are different to thoseinmammalian cells, requiring novel targeting
biorecognition molecules.

 Therapeuticcompounds and AAs for plants are different to those
inmammalian cells, potentially requiring new NCs.

« The massive scale of agriculture necessitates the sustainable
sourcing of low-cost materials for agrochemical delivery and for
scalable manufacturing approaches. This will require innovation
inboth NC design and NC manufacturing.

There remain many unanswered questions about the phenomena
controlling the complexinterplay between NCs and the biological pro-
cesses they affectin plants. NC-protoplast interactions* and targeting
approaches are emerging'>>'¢1%2*3! However, the fundamental pro-
cesses controlling the interactions between NCs and important plant
surfaces (for example, cell walls) and milieu of organic compounds in
the vasculature (xylem and phloem) that may affect their uptake and
translocation, transformation and efficacy are not known. There is
currently nounderstanding of how plants respond to nanoparticulate

entities in their vasculature or ways to harness or control NC transfor-
mationsinplants for beneficial purposes. Model experimental systems
for probing the mechanisms of interactions of NCs with plant surfaces
arenotavailable. Computational approaches are alsoneeded to predict
NC transport or targeting in plants based on NC and plant properties.
Developing solutionsto these challenges will require the convergence of
thought, approaches and technologies across disciplinary and societal
boundaries. This Review discusses the critical technical challenges that
must be overcometo realize high-value opportunities for nano-enabled
precision delivery of agrochemicals and biomolecules in plants and
presents aconceptual research roadmap to overcome those challenges.

NCstructure-property relationships for active
agentdelivery
Onthebasis of lessons learned in nanomedicine, efficient NCs are those
thatinterface well with organisms, readily overcome biological barriers
(thatis, extravasate fromthe vessels into target tissue and cells) and har-
ness biological helpers (that s, disease-associated protein expression
or changes in pH), and mitigate off-target effects. This is achieved by
selecting appropriate material compositions and properties because
they govern the fate of the NC in the biological system. These same
propertiesare alsointegral to AA packaging, delivery and release. While
some of the materials and chemistry concepts are transferable between
these disciplines, the biology of plants and mammalian systems is
distinct and the translational and commercialization space differs.
The multitude of factors influencing NC design for targeted and
controlled release, size, rigidity, surface chemistry, aspect ratio and
ligand density (Fig. 1) offer both opportunities and challenges. While
this diverse design space provides a wide array of potential NCs for
achieving efficient delivery in plants, the process of exploring this
through trial-and-error or intuition-guided approaches is labour
intensive. Machine learning strategies, such as those used in design-
ing high-glass-transition polymers®, drugs and small molecules®,
self-assembling peptides®*, and lipid nanoparticles® can guide amore
systematic exploration of the design space®.

Material structure and surface chemistry define NC-plant
interactions, uptake and translocation

Although systematic analysis of how NC properties influence inter-
actions with plant surfaces and milieu is limited, available examples
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Fig.1|Design of NC properties (for example, size, rigidity and aspect ratio).
Biorecognition molecules and surface chemistries determine the uptake,
translocation and targeting of NCs in plants, as well as AA release mechanisms.
Data-driven artificial intelligence (for example, machine learning) strategies will
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need to work closely with experimental and modelling approaches to rapidly
map relationships between NC structure and its function and identify the most
promising unexplored NC candidates for precision deliveryin plants.

provide insights into the engineering design space. Zeta potential
magnitude determines the uptake of NCs across plant celland organelle
lipid membranes, with highly charged NCs being able to spontaneously
disrupt and penetrate lipid bilayers?*. A negative zeta potential also
facilitates the translocation of nanoparticles between organs through
the vasculature, whereas positively charged nanoparticles tend to
remain onthe applied organs>***, Adhesion of particles to the cuticle
on plant leaves is promoted by adding positively charged surface
moieties®.

Size, surface functionality and rigidity are also important controls
of the efficiency of interactions with plant surfaces and the transloca-
tion of NCs across cell barriers. Many size exclusion limits (SELs) have
beenreported, for example, atleast 50 nm for spherical gold particles
through plant cell walls and cuticles of wheat™, <500 nm for cell mem-
branes and <10 nm for symplastic transport in the plant cell via the
plasmodesmata*®. While these SELs appear to severely limit the types
and dimensions of possible NCs, these estimates were largely based on
rigid materials. Less rigid (low stiffness), deformable polymeric NCs
violate the aforementioned SEL cut-off**2, Relatively large (10 nm
in diameter and 200 nm in length), ‘soft’ (that is, less rigid) polymer
NCs were taken up by leaves more readily than ‘hard’ metal and metal
oxide particles of similar size*’ even though rigid inorganic nanopar-
ticles have a lower energy barrier for membrane internalization than
soft organic nanoparticles*. As such, NC rigidity appears to be a key
property affecting delivery across the plant cell wall*. The chemical
identity of the nanoparticle surface also has animportant role in con-
trolling interactions with hydrophilic and hydrophobic components
of plant membranes™?. Polyphenolic compounds coating NC sur-
faces promoted adhesion and retention to the waxy leaf surface due to
hydrogen bonding of the phenolic OH groups and the leaf cuticle*. A
better understanding of the mechanisms of uptake and translocation
of nanoparticlesin plants, especially for soft biomaterial interactions
with plant surfaces, tissues and organs is needed to engineer effective
NCs for plants.

Nanomedicine has demonstrated that low-and high-aspect-ratio
materials have distinctin vivo trafficking and cell interactions, but this
NC design variable is relatively unexplored in plants. Work delivering
high-aspect-ratio carbon nanotubes and polymersin plants indicates
that the smallest dimension of a high-aspect-ratio material controls its
transport®*¥, and that there are differences between how monocots
and dicots transport high-aspect-ratio polymeric NCs*. Rods and

filaments or sheets, and in general materials with an aspect ratio >1,
havealarger surface-to-volume ratio and therefore more contactsites
with plant surfaces compared with spheres*’ .

Biomimicry and bio-inspired designs

Biomimicry and bio-inspired designs and coatings can be leveraged
to promote uptake and translocation in plants>>'**°, Plant viruses,
for example, achieve long-distance movement inside the infected
plant through passive transport along with the photoassimilates™.
Plant viral cell-to-cell movement is often achieved through special-
ized movement proteins, so there is an opportunity for biomimicry
to promote the mobility of virus-like particles in plants. Coating NCs
with biorecognition motifs (for example, peptides or sugars) can use
specific cell receptors to promote uptake and translocation in plants®.
For example, carbon dot-based NCs coated with guiding peptides or
sucrose enhance the transport of chemical cargoes into chloroplasts
or phloem, respectively, through biorecognition of transporters on
theirmembranes™', Similarly, zwitterionic properties of plant viruses
havebeenleveraged to develop plant virus-based carriers forimproved
nematicide delivery through soil to plant roots**>*.

Structure determines NC cargo and release toits target

We canleverage slow-release approaches from the medical community
to provide controlled, stimuli-responsive, or on-demand release of AA
cargoes in plants, but the formulation chemistry needs to be adjusted
to the vastly different timescales for agriculture (days to months)
compared with biomedical applications (minutes to hours, days or
weeks). For instance, Bioclay nanosheets provided the slow release
of double-stranded RNA in plants for several weeks and improved
plant resistance to viral and insect pathogens**%. However, current
approaches of electrostatic binding of plasmid DNA to NCs lack suf-
ficient control over cargo release dynamics needed for DNA integration
into the plant genome'*, The cyclodextrin molecules attached to small
spherical carbon dots can be tailored to deliver a range of herbicides
and pesticides” by either slow or triggered release’.

Biologically or environmentally responsive NCs

Many adverse outcomes in agriculture are aresult of environmental
conditions, for example, heat stress, salt stress or water stress, that
produce excess reactive oxygen species (ROS). There are also pH
gradients (-5.5-8) across plant cells and organelles. Core-shell NCs
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Fig. 2| Precision delivery of NCs with cargoes to target organelles, cells
and tissues mediated by biorecognition. a, NCs with cargo compartments
are designed with physicochemical properties (for example, charge, size and
hydrophobicity) and coated with biorecognition molecules (for example,
peptides, amino acids and carbohydrates) for precise delivery to specific
organelles, cells and tissues. The porousinterior, molecular baskets or

surface functionalization of the NCs enable the delivery of a wide range of AAs.

b-d, Biorecognition-mediated delivery of NCs and their cargoes to plant
organelles (for example, chloroplasts; b), plant cells (for example, stomata or
trichomes; ¢) and plant tissues (for example, phloem; d). e-g, NCs could also

be used for biorecognition-mediated delivery to plant pests and pathogens,
including fungi and bacteria (e), insects (f) and nematodes (g). Alternatively, NCs
coated with pathogen-derived molecules could selectively recognize infected
cells or tissues.

that respond to changes in, for example, pH, ROS or temperature,
can deliver AAs to a specific location in the plant or in response
to stress events. For example, nanocapsules can release nutrients
(N, P,K, Cu) triggered by a fungal enzyme to increase photosynthesis
in infected wheat and soybean®®, and temperature-responsive* or
ROS-responsive® core-shell polymer NCs can deliver anti-stress
hormones (spermidine) or photosynthesis enhancers (magnesium)
only when plants are stressed, enabling the plants to manage climate
extreme events.

Multi-staged NC designs where the structure-functionis tailored
towards each plant microenvironment could be envisioned, that is, a
core-shell principle where the outermost layer is designed to facilitate
plant surface attachment or entry—upon entry, functional moieties
are exposed to facilitate long-distance versus cell-to-cell movement,
targeting organelles and/or pathogens of interest, with subsequent
release of cargo uponinteraction with the target. Abetter understand-
ing of theinteractions of NCs with plantbiological barriers, theirin vivo
transformations, biocompatibility and concentration-dependent
effects on plants will be critical to designing effective NCs.

Biotargeting approaches for delivery of NCs and
their cargoes

Biotargeting aims to deliver nanomaterials and their cargoes to
specific plant tissues, cells or organelles, and plant pathogens'>'*%.
Biorecognition-mediated delivery relies on the ability to coat NCs
with biomolecules such as peptides, aptamers, signalling tags and
sugar adducts'*** to guide them and their cargoes to specific plant
or pathogen receptors or to desired plant cells or organelle surfaces™.
A complete understanding of the plant membrane properties shared

or differentiating target plant taxa will also be crucial for designing
NCs capable of biotargeting®°.

Lessonslearned from nanomedicine

Biorecognition-mediated drug delivery and immunoengineering
approaches have been accomplished in nanomedicine by coating
NCs with domains with high affinity and specificity for selected tar-
gets® 7%, Designing biorecognition molecules for targeted delivery
in plants should be analogous to drug delivery methods in humans
and animals'>”.. For example, identifying target molecules, such as
tissue-specific proteins or surfacereceptors, could enable the design of
NCsthat preferentially bind to a targeted plant surface (Fig. 2). Predic-
tive tools to design cell-penetrating biomolecules have been explored
in nanomedicine but notin plants”Binding studies of target moieties
with protein affinity domains, nucleic acid aptamers, signalling tags
and sugar adducts can create complementary pairs to specifically bind
tothetarget tissues’ 7. Phage and yeast display, systematic evolution
of ligands by exponential enrichment (SELEX), and thermal shift assays
can also identify potential binding domains for improved specificity
and performance’’*7%, Adapting these tools for plants should enable
the design of NCs for targeted delivery in plants.

Biotargeting approaches can also be used for efficient delivery
of AAs to plant pathogens, including fungi, bacteria, viruses
and nematodes that localize within the plant vasculature or roots.
This approach has led to the development of multifunctional NCs
for biomedical applications that can target multiple signalling path-
ways in infected cells, reducing toxicity and increasing therapeutic
efficacy’*®. Recent studies have indicated that NCs can be designed
for targeted delivery to the surface of fungi cell-wall components®-*
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ontheleafand root surfaces after application (carbonic acid, UV light,

organic matter (OM)), interaction with ROS in cells, or with componentsin
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interactions can lead to dissolution and corona formation, and potentially
trigger the release of the AA cargo, either intentionally or unintentionally. These
transformations will ultimately control the fate of the NCs inside of the plants
and the efficacy of the intended treatment.

or lipopolysaccharides on bacteria, enabling precise delivery of
AAs®# Plant immune receptors have also inspired the design of
NCs for targeted drug delivery®. NCs that are able to recognize
pathogen-derived molecules could selectively target and deliver
therapeutic agents toinfected cells or tissues while avoiding healthy
cells. Overall, receptor-mediated signalling mechanisms in plants®
offer a powerful platform for advanced plant delivery systems
through NC-mediated biotargeting strategies.

Targeted delivery mediated by the plant or pathogen
biorecognition molecular machinery
Biorecognition-mediated delivery of NCs with chemical or DNA
cargoes to specific organelles (for example, chloroplasts and mito-
chondria)™ or cells (for example, stomata)* has recently been dem-
onstrated using guiding peptides or proteins that recognize specific
receptors in the target organelle or cell membrane. Plant viruses
encode unique multifunctional proteins (for example, movement pro-
teins) with specificdomains thatinteract with proteins from the host
cells®®. The movement proteins facilitate the transport of virus-like
biomolecules® by enlarging cell-to-cell connections (plasmodes-
mata), then use structural proteins for targeted delivery to specific
sites in plants®. The strategies that viruses use for penetrating and
translocation inside plants can potentially be used to target AA deli-
very for disease control to specific organs, tissues or cells of interest
where pathogens infect or colonize. This could increase AA efficacy
and reduce application doses of environmentally toxic pesticides.
However, we currently have a poor fundamental understanding of
the delivery mechanisms by biorecognitionin plants, the physical and
chemical interactions of NCs with plantinterfaces, and the potential
side effects of biotargeting on plant (or non-target organisms) physio-
logical and developmental processes.

NC transformations for targeted and controlled
delivery

Experience with nanomedicine indicates that in vivo NC transforma-
tions, for example, biocorona formation®®, dissolution or enzymatic

degradation, are critical in controlling both targeting and AA delivery
efficacy. NCs will interact with a plethora of biomolecules on plant
surfaces (for example, lipids in membranes and pectin/cellulose in
cell walls) and in plant cytosolic, apoplastic or vascular fluids. Yet,
the range of transformations of NCs (Fig. 3) once they are on or inside
plants remains largely unexplored.

Exogenous transformations at the plant’s outer surfaces

The cuticle, ahydrophobic plant surface that prevents water loss from
plants, isthe first key biointerface encountered by foliar-applied NCs.
Root peripheral and border cells are the first biointerface encountered
by soil or hydroponically applied NCs. Both barriers can promote the
dissolution of kinetically unstable NCs****°, The rhizosphere (the
interface between soil and roots) has gradients of physical and chem-
ical conditions due to root exudates (carbon-based biomolecules)
that can promote NC transformations. For instance, wheat plant root
exudates led to a pH increase in rhizosphere soil that modulated the
proton-induced dissolution of CuO NCs”". Dissolution of Fe-Al/Ge
nanotubes® and CuO NCs”? by plant-derived siderophores has been
reported. By tuning the rate of NC dissolution, or by engineering the
materials to specifically interact withbiomolecules on these interfaces,
can control the rate of delivery of these agents into plants*. Overall,
abetter understanding of the range of biomolecules in leaves, roots
(for example, root exudates) and stems that interact with and medi-
ate the transfer or complexation of NCs is needed to design efficient
materials®.

Endogenous transformations inside of plants

Uptake of NCs into plant cells relies on the translocation across cell
walls. The cell wallis the outermost layer of plant cells, formed by acom-
plex mixture of cellulose fibres, pectin and other biomolecules depend-
ingonthe plantspecies. The underlying chemicaland molecular-level
transformations of NCs within cell walls or cell membrane components,
and how they affect their subsequent translocation or interactions
with plant biomolecules suchaslipids, carbohydrates or proteins, are
unknown. Aswhole-plant translocation requires that the NC cross a cell
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Fig.4|Development of a plant digital twin will enable rapid discovery of NC
designs that enable efficient targeted delivery into plants. It will require the
integration of models at different scales that capture the relevant biochemistry and
biophysics at the NC-plant biointerface. At the molecular scale, acore modelling
approach is molecular simulation, including molecular dynamics simulation,
whichis drivenis interatomic forces F that are computed from the gradient V of the

interatomic potential U. Important continuum-scale models include low-Reynolds-
number hydrodynamics, which relates the gradient of the fluid pressure Pto the
viscosity and the Laplacian V2 of the velocity v. At the systems level, models focus
onoverall flows Qin and out of appropriately defined compartments over time
t.Parameterizing those models will also require development of model plant
surfaces for detailed mechanistic studies both in vitro andin vivo.

walland membrane, NCs translocating through the plant vasculature
have probably acquired abiocorona®*"* further altering the designed
surface properties. Reports on the interactions between plant pro-
teins and NCs are limited’®*” and the impact of these transformations
ontranslocation and biotargetingis unknown. Systematic studies are
needed tounderstand how NC properties such as size, charge, chemical
identity and hydrophobicity impact the formation of plant protein
coronas and subsequent NC translocation, targeting and efficacy.

Controlled release by NC transformations

Large swingsinpH as NCs translocate in plants can potentially be lever-
agedtoelicitatransformationfortargetedrelease ofanAA.Forexample,
leaf-surface pH changes during formation of carbonic acids enabled
theslower release of double-stranded RNA from Bioclay nanosheets for
combating plant pathogeninfections*®. Apoplastic fluids can be acidic
(pH of 5.5-6), while the pH in the cytosol and chloroplasts is slightly
basic (pH of ~7.5-8). Although a pH-triggered release is common in
biomedical applications, they have been underutilized for delivery
of AAin plants. The generation of ROS or reactions with sulfur-based
analytesinthe glutathione pathway canalso be used for triggered and
targeted AA release, but few studies have explored these approaches®’.

Challenges for delivery mediated by transformations

There is a limited understanding of the acquired coatings of bio-
molecules on NCs and how this affects their transformation and
biotargeting in plants. Categorizing the fundamental interactions
of NCs with the wide diversity of proteins and biomolecules in plant
species will require a large set of model systems. The in vivo charac-
terization of these processes is even more challenging to explore given
the difficulty in extracting plant phloem and xylem sap in sufficient
quantities for study and the lack of tools for measuring NC transforma-
tionsinvivo. Inaddition, these interactions will probably be modulated
by the plant life cycle as well as by responses to biotic and abiotic envi-
ronmental conditions.

Creating predictive digital model plant systems

The development of a plant ‘digital twin’, that is, a virtual (computer-
based) representation of a plant, including its biosurfaces, organs
and vasculature is a potentially transformative tool for enabling tar-
geted delivery of NCs in plants. Digital twins have been widely used in
manufacturing, infrastructure management and predictive mainte-
nance’®?’, but there is no existing plant digital twin to virtually test
the efficacy of various NC biotargeting or controlled release strategies.
Creating such amodelwould enable rapidinsilico design and testing of

differentNCconfigurationsforaspecificfunction,forexample,enhanced
delivery of an AA to a target site within the plant. The concept of the
plantdigital twinis analogous to the ‘digital patient’ conceptin person-
alized human medicine, that is, computational fluid dynamics (CFD) in
support of patient-specific stents or patient-specific prostheses'**'",
In both cases, the goal is to numerically simulate physical laws gov-
erning transport and chemical phenomena (for example, adsorp-
tion, advection, diffusion or transformation) with geometries and
boundary conditions specific to the individual under consideration.
These models areintrinsically multiscale, integrating knowledge from
the atomistic scale (for example, molecular transport across cuticular
membranes or within ion channels)'*>** to the continuum scale (for
example, pressure-driven flow within the phloem or cohesion-tension
driven flow within the xylem)'*1%,

Key enabling computational methodologies

There are several computational frameworks that need to be developed
as the backbones for a digital plant model (Fig. 4). Each framework
providesinformation at different length and time scales, as nanoscale,
mesoscale, continuum and system level.

Nanoscale

Molecular dynamics and Monte Carlo simulations can be used to model
nanoscale (for example, tens of nanometres and timescale of nanosec-
onds to microseconds) transport phenomena'*® such as transport of
NCs across plant biointerfaces. Both molecular dynamics and Monte
Carlo require molecular-scale knowledge about material composi-
tions, microstructures and mechanics. While these properties can
be determined for the NC using available analytical techniques, the
molecular-scale properties of plant surfaces, such as the cuticle, cell
wall, epidermis and so on, are less certain and variable across plant
species. Atom simulations based on classical molecular mechanical
forcefields'” may potentially be used to simulate important transport
phenomena or chemical transformations on the order of thousands
of atoms'®®, but the amorphous microstructure of biological materi-
als will make it challenging. A critical step in the application of such
simulations to plant surfaces will be the parameterization and valida-
tion of the force-field parameters for the relevant components.

Mesoscale

Coarse-grained molecular dynamics simulations using the MARTINI
model'”” have lower resolution, but are typically two to three orders
of magnitude faster than corresponding all-atom simulations, making
it possible to simulate substantially larger systems (for example, a
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patch of cytoplasmic membrane at the length scale of ~100 nm)"°, and
for muchlonger timescales than all-atom simulations. Similar models
at comparable or even lower resolution have been developed for
plant cell walls™? and used to explain their unique mechanical

properties™.

Continuum

Many plant transport systems can be modelled using classical
transport laws (for example, Navier-Stokes), so there are a range
of continuum CFD methods that are suitable for studying transport
in plants. For example, finite-element-based approaches have been
used to model transpiration in stomata'* and flows within xylem'>;
finite-volume-based approaches have been used to model root
uptake of water and nutrients"*"” and hydrogen peroxide signal-
ling within plants™®, Flows into and within plants may show phenom-
enathat pose unusual modelling challenges, including multi-phase
flows (asis the casein transpiration), free surfaces (asis the case for
droplets on aleaf) or geometrically complex boundary conditions
(asis the case for flows in xylem and phloem). In such cases, other
CFD approaches may be fruitful, including the lattice Boltzmann
method, which has been used to model porous flow through bor-
dered pits in xylem (a system that presents particularly complex
boundary conditions)™.

Systems level

Aparticularly useful advance for modelling targeted delivery in plants
would be the development of botanokinetic/botanodynamic (BK/BD)
models,incloseanalogytopharmacokinetic/pharmacodynamic(PK/PD)
models for drug delivery in humans™°, Similar to a PK/PD model, a
BK/BD model would interface with all of the previously discussed
simulation methodologies to describe the movement of NCs within
and between various compartments of a plant (for example, a plant’s
cuticular membrane, organelles such as chloroplasts, or the rhizos-
phere). Developing the necessary general-purpose BK/BD computa-
tional tools will enable efficient optimization and sensitivity analysis'”,
anecessary feature to enable rapid discovery of new NCs and targeted
AA delivery approaches.

Benchmark data to develop and calibrate digital plants

Modelling the behaviours of NCs in plants will require the collection of
benchmark quantitative data on plant surface properties to calibrate
and validate those models. In particular, it will be necessary to quan-
tify the structural composition and properties of selected surfaces,
for example, the chemical composition of plant cell wall and cuticle
surfaces, organelle membranes and endomembranes. In addition to
the chemical composition and structural features of plant surfaces, it
might alsobe necessary toinclude the mechanical properties of plant
surfacesin plant-NCinteraction models. For example, the mechanical
properties of plant surfaces such as tensile strength'?, contact angle,
porosity and roughness may predict the movement of NCs through
key plant barriers. Some can be measured using existing techniques
(for example, contact angle of a leaf cuticle), but measuring these
properties in vivo for internal structures, such as cell walls, will be
challenging. In addition to the physical and chemical properties of
important plant surfaces, the properties of phloem and xylem that may
affect transportin the plants must also be measured. For example, the
rheological properties of these fluids would be needed to accurately
model sap flow transport rates as well as diffusion between cells or
across plant biosurfaces'. While many of these properties are avail-
ableinthe plant biology literature, quantitative measurements of the
interactions of NCs with plant biosurfaces are limited yet necessary
for the development and calibration of plant digital twins. It is also
worth emphasizing that, as is the case for all digital twins, useful digi-
tal plants would necessarily require extensive calibration and valida-
tion, atall scales studied by the model. A high near-term priority isthe

development of canonical experiments that can be used to validate
digital plant models.

Critical challenges for the development of digital plants

The development of a viable plant digital twin for studying NC behav-
ioursinvivoisadauntingtask. Thisis especially true given the range of
plant biological diversity. For example, there is an enormous range of
cuticular compositions and microstructures' and a large diversity in
plantvascular structures'®. A fruitful starting point may be to develop
representative models for broad groupings of main crop plants that have
well-characterized differences in relevant anatomical features (for exam-
ple, monocots versusdicots, C, versus C, photosynthesis)**'”, Another
critical need for building digital plant models will be the development of
open-access simulation codes and datasets, including complex datasets
from-omics (for example, genomic, proteomic, metabolomic) analyses.
Itwill be particularlyimportant to develop consistent formats and stand-
ards for workflows, data and metadata, which will require significant
collaboration (and some amount of enforcement) withincommunities
ofresearchers, publishers, funding agencies and industrial partners. On
this front, it may be particularly instructive to look at the successes of
and challenges faced by analogous efforts to digitally twin materials,
exemplified by the Materials Genome Initiative'>'%,

New data acquisition approaches for tracking NC
delivery

Development of new tools, capabilities and model systems will be
critical to development of a plant digital twin and realizing the benefits
of nano-enabled precision delivery of agrochemicals (Fig. 5).

Toolsforin vivo characterization and detection of NCs
Methods forimaging NCsin vivo are available but have limitations. For
example, NCs can be tracked using their intrinsic fluorescence'>>*, or
alabelling dye™°"**, NCs can also be tracked using selected elements
in the NC using laser ablation™* or inductively coupled plasma mass
spectrometry (ICP-MS)™", synchrotron X-ray fluorescence (XRF) imag-
ing!>*7?8136137 or electron microscopy with energy dispersive X-ray
analysis™*®. However, most of these tools are destructive and provide
only two-dimensional information. Three-dimensional information
is often needed to assess the ability of an NC to pinpoint selected tar-
gets, for example, chloroplasts. Here, X-ray tomography, magnetic
resonance imaging (MRI) and confocal microscopy tools can provide
three-dimensional reconstructions. They can also be used in vivo and
in planta'">**’, All of these methods may require a higher mass of NCs
thanexistsinthe planttissues, so approaches toincrease the sensitivity
of these methods are still needed.

Tracking NC transformations in vivo is also a challenge, but some
tools exist. Changes in speciation of inorganic NCs can be measured
using synchrotron X-ray absorption spectroscopy'*® or isotopic tags'*’.
Techniques such as Fourier-transform infrared (FTIR) spectroscopy,
Raman spectroscopy or microparticle-induced X-ray emission (p-Pixe)
canbe used for tracking NC surface modifications and interactions with
functional groups onaplantsurface'*>. Gaining adeeper understanding
of NC transformation and persistence in plants may require extracting
andisolating the NCs before they are characterized using single-particle
ICP-MS"** single-particle ICP-time-of-flight-MS'*¢ or three-dimensional
excitation emission matrix spectroscopy'*’. These techniquesalsoall have
different limits on sensitivity, spatial resolution and the NC size range that
may be observed. They alsorequire extraction from the plant, whichmay
alter their properties before analysis, leading to artefacts. Methods that
avoid these artefacts need to be developed and validated.

Increasing the throughput and speed of data acquisition from

invitro plant cell and tissue-based systems

Characterization of the distribution of delivered NCs in plants is cur-
rently limited by the low throughput of using whole plants. Inspired
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Fig. 5| New tools and technologies needed to design NCs for precision agrochemical delivery. These include new methods for the (1) in vivo characterization and
detection of NCs in plants, (2) increasing the throughput and speed of data acquisition viain vitro plant systems, (3) model plant surfaces to characterize NC-plant

interactions and (4) NCbiotargetingin plants.

by biomedical research, the study of plant-NC interactions should
utilize in vitro plant cell and tissue model systems to significantly
increase throughput and data collection. Examples of in vitro plant
systems include protoplasts', cell suspension cultures*’ and hairy
roots”"!, Protoplasts are individual plant cells devoid of cell walls.
They areisolated from plant tissues followed by either mechanical or
degrading enzyme cell-wall removal. From a small amount of tissue,
~108 cells can be quickly obtained, which enables rapid testing of how
NCs interact with plant cell membranes, where they localize intracel-
lularly, their cellular toxicity and the transformations they experience
inplantcells, suchas protein, carbohydrate or lipid coronaformation.
The limitations of protoplasts are that important cellular internaliza-
tion information may be missed given the lack of cell walls, and lack of
feasibility of long-term studies due to the short life span of protoplasts.
Plantcell cultures are analternative approach. They are formed by cells
with walls, akeybarrier for NC entry, and under optimal conditionsina
liquid culture can divide and propagate indefinitely™2. Plant cell cultures
have beenused toinvestigate carbon nanotube and quantum dot toxic-
ity’%, and can potentially be used to elucidate interactions of NCs with
native plant cell walls in a high-throughput manner™’. Hairy roots, cre-
ated through genetic transformation using Rhizobium rhizogenes, are
plant root tissues that can be maintained in culture and mimic natural
root anatomy and function™"**, They are routinely used for answering
fundamental plant cell and root biology questions™*'*!, Hairy roots
could provide a useful platform for assessing NC-root surface inter-
actions or NC transport and transformation in plant tissues.

New model systems for studying plant surface-NC
interactions

Experimental model plant surfaces are also needed to elucidate
the mechanisms of NC-plant biosurface interactions. While not yet
widely available, some examples exist. Model plant cuticle layers were
designed using self-assembled monolayers with specific biomolecular

composition to understand how cationic copper oxide nano-spikes
helped adhere those NCs to plant leaves®’. Model cell walls made of
cellulose, lignin and pectin were created on quartz crystals to under-
stand the chemical interactions between NCs and cell walls'®. Similar
approaches canbe used to explore how structural defectsin the cuticle
or cell walls, or natural openings on the plant surface such astrichomes,
will affect NC uptake and translocation. Model plant lipid bilayers such
as sulfoquinovosyl diacylglycerols, a novel model chloroplast mem-
brane, can be constructed to study the association of NCs with and
uptake across cellmembranes using quartz crystal microbalance with
dissipation monitoring (QCM-D)®°. Future opportunities could include
generation of more representative and complex plant tissue platforms,
such as plant organs-on-a-chip with multiple organs—for example,
high-throughput platforms with both roots and shoots enabling the
study of NC uptake and translocation and delivery of agrochemical
cargoes.

Tools for studying NC biotargeting and controlled release of
cargoesin plants

Techniques used inthe biomedical field forintra-andintercellular NC
tracking and drug delivery discovery could be adapted for tracking
NCsin plant tissues and organelles. For instance, nanobodies—smaller
variants of antibodies (2-4 nm)'*® with high affinity to an NC can be
conjugated with markers (for example, fluorophores or radioactive
elements) for NC visualization in planta. Similarly, SELEX platforms
can be used to identify aptamers (short single-stranded DNA or RNA
molecules) that selectively bind to a specific target'**. Furthermore,
there are existing screening tools to build targeting libraries of plant
biomolecules and chemicals and their binding domains using tech-
niques such as phage and yeast display, molecular docking or other
adsorption/binding assays (QCM-D) on tissue extracts, whole cells,
pathogens and bioinformatics tools'®'*°, This would facilitate the
creation of databases of potential biomolecules for biotargeting
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applicationsin plants. Insilico approaches using artificial intelligence
programs such as AlphaFold'®” and machine learning to predict pro-
teinstructures and plantbiomoleculeinteractions could allow virtual
screens for putative binding domains and de novo design of NC tracers
for biotargeting research. However, the accuracy of in silico methods
stillneeds to be validated by experimental approaches, as these predic-
tive algorithms have limitations (for example, determining conforma-
tions of intrinsically disordered proteins)'*® and cannot yet fully replace

experimental structure determination’®’.

Sustainable development and use of NCsin
agriculture

Convergence across scientific and societal boundaries to
foster sustainability

Improving the sustainability of agriculture isa complex socio-economic
problem that requires integration of expertise from diverse academic
disciplines and from critical non-academic stakeholders to create
combinatorial methods and courses of enquiry”*"”". The merging
of knowledge to spur critical innovation in nano-enabled agricul-
ture will require methods for designing and managing convergent
research approaches in large, complex scientific endeavours; exam-
plesincludeinterdisciplinary studies"’?, the science of team science'”?,
and integration and implementation sciences'*. Authentic
co-production of knowledge with diverse stakeholders across the
entire innovation-to-implementation cycle, from the inception of
formulating questions and throughout investigation and translation,
is critically important to its success'”. Viable, sustainable solutions
willemerge only ifideas, approaches, technologies and human systems
understanding across a broad range of perspectives are harnessed,
combined and communicated intentionally and inclusively to fuel
critical innovations.

The products or processes designed to improve food and agri-
cultural production systems, their development, manufacturing,
production, use and deployment also need to be sustainable. Per-
spectives and expertise from social sciences, humanities and an
array of non-academic partners, as well as considerations of human
and environmental health, societal and ethical implications, and
technological and economic considerations'®, must be included
in formulating the research questions from inception'”'”%, Meeting
the expectation will require application of team science methods
to advance transdisciplinary objectives. Intentionally inclusive
approaches are also needed to develop and use nanomaterials for
agricultural production, adhering to core concepts of sustainability
and responsible innovation? ™,

NCscalability and manufacture

The enormous scale of global agriculture makes process scalability
critical for commercial manufacture of any proposed technology'
sobarriers to scalability mustbe considered early in the development
process. For example, microfluidics techniques used in developing
nanomedicines are fundamentally limited to scale-out (that is, many
small-scale units running simultaneously) rather than scale-up, which
is usually prohibitively expensive and inefficient. As aresult, only a
handful of nanomedicine formulations have reached the market'®’. The
nanomedicine field provides useful metrics for successin agrochemical
nanoformulation development andresearch, including AA loading and
encapsulation efficiency. AA loading, that is, the mass of AA per mass
of delivery vehicle in the formulation®*'®, must be high to achieve a
desired dose of the AA while minimizing excipient mass that may have
undesirable effects'®. Encapsulation efficiency, that is, the mass of AA
encapsulated in a delivery vehicle per mass of AA introduced into a
formulation process, should be maximized to reduce manufacturing
waste and cost because the AA may be the most expensive material in
aformulation and recovery and recycling of unencapsulated AA may
not be possible.

Understanding risk and impacts on the environment and
society

Researchers, innovators and other stakeholders must strive to avoid
mistakes of the past and avoid collateral or unintended consequences
fromrushed application of new technologies by better understanding
potential risks of nano-enabled applications and incorporating stake-
holder needs and perspectives into research and development™'. For
nano-enabled agriculture, this includes assessing the environmental
fate and potential toxicity and ecotoxicity of the NCsin different envi-
ronmental matrices (for example, soil, water, sediment), assessing
the effects of these materials on soil properties and function'®’, and
researching growers’ and consumers’ perceptions of NCs in agricul-
ture'®881%° For example, stakeholders are more supportive of nano-
technological innovations for agriculture with greater benefit-to-risk
ratios', for example, nano-ZiO, used to combat citrus greening and
nanovaccines used to decrease rates of Salmonellosis in egg-laying
hens were viewed favourably, while the use of nanomaterials for food
improvement, for example, nano-TiO, to whiten infant formula, were
not. Thisapproach canavoid the reluctance of adoption of novel tech-
nologiesinfoodand agriculture systems, such as occurred for the first
generation of genetically modified organisms that were implemented
withoutadequateinclusion of interested parties’. For example, the use
of degradable biopolymers''*?in place of non-degradable synthetic
polymers used widely in agriculture for seed coatings, slow-release
fertilizers and plastic film mulching, but with the same functionality,
would alleviate concerns about toxicity and persistence and promote
adoption'”*7%,

The scale of agriculture also means that materials used for agro-
chemical delivery must be sustainably sourced. For example, agri-
culture generates large amounts of ‘waste’ lignocellulose that can be
used to prepare biodegradable nanomaterials™®, and seafood waste
can be used to derive natural, biodegradable biopolymers (for exam-
ple, chitosan) for NC use'””. Carbon dot NCs for agrochemicals can be
manufactured from a range of agricultural wastes including plant or
animal derivatives, including leaves, stems, husks and urea™'**'*°, and
silicaextracted from husks can be used for seed treatments to enhance
germination?%?°,

Regulatory landscape and challenges for nanotechnology
mediate delivery approval

New technologies will undergo regulatory scrutiny, and this is espe-
cially true for NCs. Formulating NCs from materials that are generally
regarded as safe (GRAS), such as certain biopolymers and virus-like
particles, would also help in the regulatory process. While some inor-
ganic NCs have raised concerns regarding their potential toxicity to
consumers®*? or to plants, biomolecule-based NCs can potentially be
more biocompatible and biodegradable than inorganic or synthetic
counterparts, and more acceptable to stakeholders.

Outlook

Nano-enabled precision delivery of AAsin plants will transform agricul-
ture, but there are critical technical challenges that must be overcome
to realize the benefits of this suite of technologies. The relationships
between the structure and surface properties of NCs and their inter-
actions with plant surfaces and biomolecules, and their ability to carry
and deliver the desired AA must be elucidated to enable bio-inspired
NC designs. Multifunctional NCs employing biotargeting approaches
adapted from nanomedicine could precisely deliver nutrients and AAs
to specific plant tissues, cells or organelles, enhancing the effective-
ness of nano-enabled applications such as genetic modification by
delivering gene-editing tools (for example, plasmid DNA, RNA and
CRISPR-Cas9). However, realizing these benefits will require a greater
understanding of the range of biotargeting tools available, their mecha-
nisms of action and biotransformation, and the potential for any unde-
sired detrimental impacts on plants. Better understanding of how NC
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transformations in plants affect their efficacy or targeting could be
leveragedto designreliable delivery and targeting strategies. The fate of
NCsinternalized into plant tissues also needs to be considered in their
design. While many NCs that are applied to plants may transform>®,
the transformation products are likely to persist in plant tissues and
soils unless they are biodegradable. Current tools used to assess the
fate andlife-cycleimpacts of NCs do not include these considerations
and must be adapted for this purpose®®*.

The development of new NCs for nano-enabled precisiondelivery
ishampered by the lack of high-throughput screening methods and by
the absence of predictive models. A multiscale plant digital twin that
captures important NC-plant surface interactions and biotargeting
chemistry could be used to virtually screen for the efficacy of numer-
ous different combinations of properties to guide and accelerate NC
design and development. Developing such models will require new
invivotoolsto detect and characterize NCs and in vitro tools to rapidly
quantify the interactions of NCs with important plant surfaces. It will
also require a better understanding of plant physiological responses
to the presence of the NC, a formidable challenge given the diversity
of plant species, growth cycles and potential environmental condi-
tions to explore. This Review discussed the development of digital
plants fromthe scale of moleculesto organisms. A digital plant model
at this level of organization could potentially be incorporated into
already existing crop or ecosystem models** to simulate NC and envi-
ronmental interactions at alarger scale. Overcoming these scientific
challenges to develop globally sustainable nano-enabled precision
delivery approaches will require convergence across both scientific
and societal boundaries.

References

1. vanDijk, M., Morley, T,, Rau, M. L. & Saghai, Y. A meta-analysis of
projected global food demand and population at risk of hunger
for the period 2010-2050. Nat. Food 2, 494-501 (2021).

2. Ray, D.K. etal. Climate change has likely already affected global
food production. PLoS ONE 14, e0217148 (2019).

3. Tai, A.P.K., Martin, M. V. & Heald, C. L. Threat to future global food
security from climate change and ozone air pollution. Nat. Clim.
Change 4, 817-821(2014).

4. Mbow, C. et al. Food security. In: Climate Change and Land: an
IPCC Special Report on Climate Change, Desertification, Land
Degradation, Sustainable Land Management, Food Security, and
Greenhouse Gas Fluxes in Terrestrial Ecosystems (eds Shukla, P. R.
et al.) 437-550 (Cambridge Univ. Press, 2022).

5.  Borrelli, P. et al. Policy implications of multiple concurrent soil
erosion processes in European farmland. Nat. Sustain. 6, 103-112
(2022).

6. Hofmann, T. et al. Technology readiness and overcoming barriers
to sustainably implement nanotechnology-enabled plant
agriculture. Nat. Food 1, 416-425 (2020).

7. Servin, A. D. & White, J. C. Nanotechnology in agriculture: next
steps for understanding engineered nanoparticle exposure and
risk. Nanolmpact 1, 9-12 (2016).

8. Lowry, G. V., Avellan, A. & Gilbertson, L. M. Opportunities and
challenges for nanotechnology in the agri-tech revolution.

Nat. Nanotechnol. 14, 517-522 (2019).

9. Kah, M., Tufenkji, N. & White, J. C. Nano-enabled strategies to
enhance crop nutrition and protection. Nat. Nanotechnol. 14,
532-540 (2019).

10. Wang, Y. et al. Surface coated sulfur nanoparticles suppress
Fusarium disease in field grown tomato: increased yield and
nutrient biofortification. J. Agric. Food Chem. 70, 14377-14385
(2022).

1. Deng, C. et al. Nanoscale CuO charge and morphology control
Fusarium suppression and nutrient biofortification in field-grown
tomato and watermelon. Sci. Total Environ. 905, 167799 (2023).

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

27.

28.

29.

30.

31.

32.

33.

Santana, |., Wu, H., Hu, P. & Giraldo, J. P. Targeted delivery of
nanomaterials with chemical cargoes in plants enabled by a
biorecognition motif. Nat. Commun. 11, 2045 (2020).

Santana, |. et al. Targeted carbon nanostructures for chemical
and gene delivery to plant chloroplasts. ACS Nano 16, 12156-12173
(2022).

Demirer, G. S. et al. High aspect ratio nanomaterials enable
delivery of functional genetic material without DNA integration in
mature plants. Nat. Nanotechnol. 14, 456-464 (2019).

Avellan, A. et al. Nanoparticle size and coating chemistry control
foliar uptake pathways, translocation, and leaf-to-rhizosphere
transport in wheat. ACS Nano 13, 5291-5305 (2019).

Law, S.S.Y. et al. Polymer-coated carbon nanotube hybrids with
functional peptides for gene delivery into plant mitochondria.
Nat. Commun. 13, 2417 (2022).

Ristroph, K. et al. Flash nanoprecipitation as an agrochemical
nanocarrier formulation platform: phloem uptake and translocation
after foliar administration. ACS Agric. Sci. Technol. 3, 987-995
(2023).

Jeon, S.-J. et al. Targeted delivery of sucrose-coated nanocarriers
with chemical cargoes to the plant vasculature enhances
long-distance translocation. Small 20, 2304588 (2023).

Kwak, S.-Y. et al. Chloroplast-selective gene delivery and
expression in planta using chitosan-complexed single-walled
carbon nanotube carriers. Nat. Nanotechnol. 14, 447-455 (2019).
Peer, D. et al. Nanocarriers as an emerging platform for cancer
therapy. Nat. Nanotechnol. 2, 751-760 (2007).

van der Meel, R. et al. Smart cancer nanomedicine. Nat.
Nanotechnol. 14, 1007-1017 (2019).

Li, M., Al-Jamal, K. T., Kostarelos, K. & Reineke, J. Physiologically
based pharmacokinetic modeling of nanoparticles. ACS Nano 4,
6303-6317 (2010).

Lew, T. T. S. et al. Rational design principles for the transport and
subcellular distribution of nanomaterials into plant protoplasts.
Small14, 1802086 (2018).

Santana, |. et al. Targeted delivery of plasmid DNA to chloroplasts
by nanomaterials. In Vitro Cell. Dev. Biol. Anim. 58, $S14-514 (2022).
Thagun, C., Chuah, J.-A. & Numata, K. Targeted gene delivery
into various plastids mediated by clustered cell-penetrating and
chloroplast-targeting peptides. Adv. Sci. 6, 1902064 (2019).

. Zhang, Y. et al. Star polymer size, charge content, and

hydrophobicity affect their leaf uptake and translocation in plants.
Environ. Sci. Technol. 55, 10758-10768 (2021).

Spielman-Sun, E. et al. Protein coating composition targets
nanoparticles to leaf stomata and trichomes. Nanoscale 12,
3630-3636 (2020).

Spielman-Sun, E. et al. Nanoparticle surface charge influences
translocation and leaf distribution in vascular plants with
contrasting anatomy. Environ. Sci. Nano 6, 2508-2519 (2019).

Wu, H. et al. Phloem delivery of fludioxonil by plant amino acid
transporter-mediated polysuccinimide nanocarriers for controlling
Fusarium wilt in banana. J. Agric. Food Chem. 69, 2668-2678 (2021).
Li, J., Li, S., Du, M., Song, Z. & Han, H. Nuclear delivery of
exogenous gene in mature plants using nuclear location signal
and cell-penetrating peptide nanocomplex. ACS Appl. Nano
Mater. 6,160-170 (2023).

Thagun, C. et al. Non-transgenic gene modulation via spray
delivery of nucleic acid/peptide complexes into plant nuclei and
chloroplasts. ACS Nano 16, 3506-3521 (2022).

Kim, C., Chandrasekaran, A., Jha, A. & Ramprasad, R. Active-
learning and materials design: the example of high glass transition
temperature polymers. MRS Commun. 9, 860-866 (2019).
Gomez-Bombarell, R. et al. Automatic chemical design using

a data-driven continuous representation of molecules.

ACS Cent. Sci. 4, 268-276 (2018).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Review article

https://doi.org/10.1038/s41565-024-01667-5

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

Shmilovich, K. et al. Discovery of self-assembling n-conjugated
peptides by active learning-directed coarse-grained molecular
simulation. J. Phys. Chem. B 124, 3873-3891(2020).

Bevers, S. et al. mMRNA-LNP vaccines tuned for systemic
immunization induce strong antitumor immunity by engaging
splenic immune cells. Mol. Ther. 30, 3078-3094 (2022).
Brochu, E., Cora, V. M. & de Freitas, N. A tutorial on Bayesian
optimization of expensive cost functions, with application to
active user modeling and hierarchical reinforcement learning.
Preprint at https://arxiv.org/abs/1012.2599 (2010).

Wong, M. H. et al. Lipid exchange envelope penetration (LEEP)
of nanoparticles for plant engineering: a universal localization
mechanism. Nano Lett. 16, 1161-1172 (2016).

Hu, P. et al. Nanoparticle charge and size control foliar delivery
efficiency to plant cells and organelles. ACS Nano 14, 7970-7986
(2020).

Yu, M. et al. Development of functionalized abamectin poly(lactic
acid) nanoparticles with regulatable adhesion to enhance foliar
retention. RSC Adv. 7, 11271-11280 (2017).

Schwab, F. et al. Barriers, pathways and processes for uptake,
translocation and accumulation of nanomaterials in plants—
critical review. Nanotoxicology 10, 257-278 (2016).

Avital, A. et al. Foliar delivery of siRNA particles for treating

viral infections in agricultural grapevines. Adv. Funct. Mater. 31,
2101003 (2021).

Chang, F.-P. et al. A simple plant gene delivery system using
mesoporous silica nanoparticles as carriers. J. Mater. Chem. B1,
5279 (2013).

Zhang, Y. et al. Charge, aspect ratio, and plant species affect
uptake efficiency and translocation of polymeric agrochemical
nanocarriers. Environ. Sci. Technol. 57, 8269-8279 (2023).
Zhang, L., Chen, H., Xie, J., Becton, M. & Wang, X. Interplay of
nanoparticle rigidity and its translocation ability through cell
membrane. J. Phys. Chem. B 123, 8923-8930 (2019).

Zhang, H. et al. DNA nanostructures coordinate gene silencing in
mature plants. Proc. Natl Acad. Sci. USA 116, 7543-7548 (2019).
Guo, J. et al. Modular assembly of superstructures from
polyphenol-functionalized building blocks. Nat. Nanotechnol. 11,
1105-1111 (2016).

Jain, R. G. et al. Foliar application of clay-delivered RNA
interference for whitefly control. Nat. Plants 8, 535-548

(2022).

Mitter, N. et al. Clay nanosheets for topical delivery of RNAi for
sustained protection against plant viruses. Nat. Plants 3, 16207
(2017).

Ma, C. et al. Advanced material modulation of nutritional and
phytohormone status alleviates damage from soybean sudden
death syndrome. Nat. Nanotechnol. 15, 1033-1042 (2020).
Chariou, P. L. & Steinmetz, N. F. Delivery of pesticides to plant
parasitic nematodes using tobacco mild green mosaic virus as a
nanocarrier. ACS Nano 11, 4719-4730 (2017).

Santa Cruz, S. Perspective: phloem transport of viruses and
macromolecules—what goes in must come out. Trends Microbiol.
7, 237-241(1999).

Caparco, A. A., Gonzalez-Gamboa, I., Hays, S. S., Pokorski, J. K. &
Steinmetz, N. F. Delivery of nematicides using TMGMV-derived
spherical nanoparticles. Nano Lett. 23, 5785-5793 (2023).
Chariou, P. L. et al. Soil mobility of synthetic and virus-based
model nanopesticides. Nat. Nanotechnol. 14, 712-718 (2019).
Cao, J. et al. Development of abamectin loaded plant virus
nanoparticles for efficacious plant parasitic nematode control.
ACS Appl. Mater. Interfaces 7, 9546-9553 (2015).

Ali, Z. et al. DNA-carbon nanotube binding mode determines the
efficiency of carbon nanotube-mediated DNA delivery to intact
plants. ACS Appl. Nano Mater. 5, 4663-4676 (2022).

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

Xu, T. et al. Enhancing agrichemical delivery and plant
development with biopolymer-based stimuli responsive core-
shell nanostructures. ACS Nano 16, 6034-6048 (2022).

Zhang, Y. et al. Star polymers with designed reactive oxygen
species scavenging and agent delivery functionality promote
plant stress tolerance. ACS Nano 16, 4467-4478 (2022).

Ng, K. K. et al. Intracellular delivery of proteins via fusion peptides
inintact plants. PLoS ONE 11, e0154081 (2016).

Tor, M., Lotze, M. T. & Holton, N. Receptor-mediated signalling

in plants: molecular patterns and programmes. J. Exp. Bot. 60,
3645-3654 (2009).

Kim, K. et al. Sulfolipid density dictates the extent of carbon
nanodot interaction with chloroplast membranes. Environ. Sci.
Nano 9, 2691-2703 (2022).

Zhao, Z., Ukidve, A., Kim, J. & Mitragotri, S. Targeting strategies for
tissue-specific drug delivery. Cell 181, 151-167 (2020).

Popescu, M. & Ungureanu, C. Biosensors in food and healthcare
industries: bio-coatings based on biogenic nanoparticles and
biopolymers. Coat. World 13, 486 (2023).

Gonzalez-Gamboa, I., Manrique, P., Sanchez, F. & Ponz, F.
Plant-made potyvirus-like particles used for log-increasing
antibody sensing capacity. J. Biotechnol. 254, 17-24 (2017).
Song, E.-Q. et al. Fluorescent-magnetic-biotargeting
multifunctional nanobioprobes for detecting and isolating
multiple types of tumor cells. ACS Nano 5, 761-770 (2011).

Patra, J. K. et al. Nano based drug delivery systems: recent
developments and future prospects. J. Nanobiotechnol. 16, 71
(2018).

Zhang, N. et al. Molecularly imprinted materials for selective
biological recognition. Macromol. Rapid Commun. 40, e1900096
(2019).

Nemiwal, M., Zhang, T. C. & Kumar, D. Enzyme immobilized
nanomaterials as electrochemical biosensors for detection of
biomolecules. Enzyme Microb. Technol. 156, 110006 (2022).
Mozafari, M. R. M. Nano-immunoengineering: opportunities and
challenges. Curr. Opin. Biomed. Eng. 10, 51-59 (2019).

Wu, Z. et al. One-step supramolecular multifunctional coating
on plant virus nanoparticles for bioimaging and therapeutic
applications. ACS Appl. Mater. Interfaces 14, 13692-13702 (2022).
Caparco, A. A., Dautel, D. R. & Champion, J. A. Protein mediated
enzyme immobilization. Small 18, 2106425 (2022).

Gao, Y. et al. Mitochondria-targeted nanomedicine for enhanced
efficacy of cancer therapy. Front. Bioeng. Biotechnol. 9, 720508
(2021).

Feger, G., Angelov, B. & Angelova, A. Prediction of amphiphilic
cell-penetrating peptide building blocks from protein-derived
amino acid sequences for engineering of drug delivery
nanoassemblies. J. Phys. Chem. B 124, 4069-4078 (2020).

Kelly, L., Maier, K. E., Yan, A. & Levy, M. A comparative analysis

of cell surface targeting aptamers. Nat. Commun. 12, 6275
(2021).

Care, A., Bergquist, P. L. & Sunna, A. Solid-binding peptides: smart
tools for nanobiotechnology. Trends Biotechnol. 33, 259-268
(2015).

Baneyx, F. & Schwartz, D. T. Selection and analysis of solid-binding
peptides. Curr. Opin. Biotechnol. 18, 312-317 (2007).

Peltomaa, R., Benito-Pefia, E., Barderas, R. & Moreno-Bondi, M. C.
Phage display in the quest for new selective recognition elements
for biosensors. ACS Omega 4, 11569-11580 (2019).
Teymennet-Ramirez, K. V., Martinez-Morales, F. &
Trejo-Hernandez, M. R. Yeast surface display system:

strategies for improvement and biotechnological applications.
Front. Bioeng. Biotechnol. 9, 794742 (2022).

Niebling, S. et al. FoldAffinity: binding affinities from nDSF
experiments. Sci Rep. 11, 9572 (2021).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
https://arxiv.org/abs/1012.2599

Review article

https://doi.org/10.1038/s41565-024-01667-5

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

80.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ashrafizadeh, M. et al. Nanoparticles targeting STATs in cancer
therapy. Cells 8, 1158 (2019).

Juang, V., Chang, C.-H., Wang, C.-S., Wang, H.-E. & Lo, Y.-L.
pH-responsive PEG-shedding and targeting peptide-modified
nanoparticles for dual-delivery of irinotecan and microRNA to
enhance tumor-specific therapy. Small 15, €1903296 (2019).
Hasim, S. & Coleman, J. J. Targeting the fungal cell wall: current
therapies and implications for development of alternative
antifungal agents. Future Med. Chem. 11, 869-883 (2019).
Fischer, J. et al. Targeted drug delivery in plants: enzyme-responsive
lignin nanocarriers for the curative treatment of the worldwide
grapevine trunk disease Esca. Adv. Sci. 6,1802315 (2019).

Sondhi, P., Maruf, M. H. U. & Stine, K. J. Nanomaterials for
biosensing lipopolysaccharide. Biosensors 10, 2 (2019).
Angsantikul, P. et al. Coating nanoparticles with gastric
epithelial cell membrane for targeted antibiotic delivery against
Helicobacter pylori infection. Adv. Ther. 1,1800016 (2018).
Vega-Vasquez, P, Mosier, N. S. & Irudayaraj, J. Nanoscale drug
delivery systems: from medicine to agriculture. Front. Bioeng.
Biotechnol. 8, 79 (2020).

Wang, A. Cell-to-cell movement of plant viruses via plasmo-
desmata: a current perspective on potyviruses. Curr. Opin. Virol.
48, 10-16 (2021).

Solovyey, A. G. et al. Distinct mechanisms of endomembrane
reorganization determine dissimilar transport pathways in plant
RNA viruses. Plants 11, 2403 (2022).

Kim, W. et al. Protein corona: Friend or foe? Co-opting serum
proteins for nanoparticle delivery. Adv. Drug Deliv. Rev. 192,
114635 (2023).

Borgatta, J. et al. Influence of CuO nanoparticle aspect ratio

and surface charge on disease suppression in tomato (Solanum
lycopersicum). J. Agric. Food Chem. 71, 9644-9655 (2023).
Spielman-Sun, E. et al. Temporal evolution of copper distribution
and speciation in roots of Triticum aestivum exposed to CuO,
Cu(OH),, and Cu$S nanoparticles. Environ. Sci. Technol. 52,
9777-9784 (2018).

Gao, X. et al. CuO nanoparticle dissolution and toxicity to wheat
(Triticum aestivum) in rhizosphere soil. Environ. Sci. Technol. 52,
2888-2897 (2018).

Avellan, A. et al. Remote biodegradation of Ge-imogolite
nanotubes controlled by the iron homeostasis of Pseudomonas
brassicacearum. Environ. Sci. Technol. 50, 7791-7798 (2016).
McManus, P. et al. Rhizosphere interactions between copper
oxide nanoparticles and wheat root exudates in a sand matrix:
influences on copper bioavailability and uptake. Environ. Toxicol.
Chem. 37, 2619-2632 (2018).

Li, C. et al. Absorption of foliar-applied Zn in sunflower (Helianthus
annuus): importance of the cuticle, stomata and trichomes.

Ann. Bot. 123, 57-68 (2019).

Giraldo, J. P. et al. Plant nanobionics approach to augment photo-
synthesis and biochemical sensing. Nat. Mater. 13, 400-408 (2014).
Prakash, S. & Deswal, R. Analysis of temporally evolved
nanoparticle-protein corona highlighted the potential ability of
gold nanoparticles to stably interact with proteins and influence
the major biochemical pathways in Brassica juncea. Plant Physiol.
Biochem. 146, 143-156 (2020).

Borgatta, J. R. et al. Biomolecular corona formation on CuO
nanoparticles in plant xylem fluid. Environ. Sci. Nano 8,
1067-1080 (2021).

Grieves, M. & Vickers, J. in Transdisciplinary Perspectives on
Complex Systems: New Findings and Approaches (eds Kahlen, F.-J.
et al.) 85-113 (Springer, 2017).

Semeraro, C., Lezoche, M., Panetto, H. & Dassisti, M. Digital twin
paradigm: a systematic literature review. Comput. Ind. 130,
103469 (2021).

100. Morris, P. D. et al. Computational fluid dynamics modelling in

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

.

12.

13.

14.

15.

16.

"7

18.

19.

120.

121.

122.

123.

cardiovascular medicine. Heart 102, 18-28 (2016).

Votta, E. et al. Toward patient-specific simulations of cardiac valves:
state-of-the-art and future directions. J. Biomech. 46, 217-228 (2013).
Yeats, T. H. & Rose, J. K. C. The formation and function of plant
cuticles. Plant Physiol. 163, 5-20 (2013).

Hedrich, R. lon channels in plants. Physiol. Rev. 92, 1777-1811
(2012).

Zimmermann, U. et al. Xylem water transport—is the available
evidence consistent with the cohesion theory. Plant Cell. Environ.
17, 1169-1181 (1994).

De Schepper, V., De Swaef, T., Bauweraerts, |. & Steppe, K. Phloem
transport: a review of mechanisms and controls. J. Exp. Bot. 64,
4839-4850 (2013).

Frenkel, D. & Smit, B. in Understanding Molecular Simulation 2nd
edn (eds Frenkel, D. & Smit, B.) 63-107 (Academic Press, 2002).
Lemkul, J. A., Huang, J., Roux, B. & MacKerell, A. D. Jr An empirical
polarizable force field based on the classical drude oscillator
model: development history and recent applications. Chem. Rev.
116, 4983-5013 (2016).

Dror, R. O., Dirks, R. M., Grossman, J. P., Xu, H. & Shaw, D. E.
Biomolecular simulation: a computational microscope for
molecular biology. Annu. Rev. Biophys. 41, 429-452 (2012).
Marrink, S. J. & Tieleman, D. P. Perspective on the MARTINI model.
Chem. Soc. Rev. 42, 6801-6822 (2013).

Marrink, S. J. et al. Computational modeling of realistic cell
membranes. Chem. Rev. 119, 6184-6226 (2019).

Murtola, T., Bunker, A., Vattulainen, I., Deserno, M. & Karttunen, M.
Multiscale modeling of emergent materials: biological and soft
matter. Phys. Chem. Chem. Phys. 11, 1869-1892 (2009).
Cosgrove, D. J. Building an extensible cell wall. Plant Physiol. 189,
1246-1277 (2022).

Zhang, Y. et al. Molecular insights into the complex mechanics of
plant epidermal cell walls. Science 372, 706-711 (2021).
Roth-Nebelsick, A., Hassiotou, F. & Veneklaas, E. J. Stomatal
crypts have small effects on transpiration: a numerical model
analysis. Plant Physiol. 151, 2018-2027 (2009).

Schulte, P. J. Computational fluid dynamics models of conifer
bordered pits show how pit structure affects flow. New Phytol.
193, 721-729 (2012).

Koch, T., Heck, K., Schroder, N., Class, H. & Helmig, R. A new
simulation framework for soil-root interaction, evaporation, root
growth, and solute transport. Vadose Zone J. 17,170210 (2018).
Mai, T. H., Schnepf, A., Vereecken, H. & Vanderborght, J.
Continuum multiscale model of root water and nutrient uptake
from soil with explicit consideration of the 3D root architecture
and the rhizosphere gradients. Plant Soil 439, 273-292 (2019).
Porter, T. K. et al. A theory of mechanical stress-induced H,0,
signaling waveforms in planta. J. Math. Biol. 86, 11 (2022).

Valli, A., Koponen, A., Vesala, T. & Timonen, J. Simulations of water
flow through bordered pits of conifer xylem. J. Stat. Phys. 107,
121-142 (2002).

Sheiner, L. B. & Steimer, J. L. Pharmacokinetic/pharmacodynamic
modeling in drug development. Annu. Rev. Pharmacol. Toxicol.
40, 67-95 (2000).

Ma, Y., Dixit, V., Innes, M. J., Guo, X. & Rackauckas, C. A comparison
of automatic differentiation and continuous sensitivity analysis
for derivatives of differential equation solutions. In 2021 IEEE High
Performance Extreme Computing Conference (HPEC)1-9

(IEEE, 2021).

Wang, S., Ren, L., Liu, Y., Han, Z. & Yang, Y. Mechanical charac-
teristics of typical plant leaves. J. Bionic Eng. 7, 294-300 (2010).
Comtet, J., Jensen, K. H., Turgeon, R., Stroock, A. D. & Hosoi, A. E.
Passive phloem loading and long-distance transport in a synthetic
tree-on-a-chip. Nat. Plants 3, 17032 (2017).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Review article

https://doi.org/10.1038/s41565-024-01667-5

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Fernandez, V., Guzman-Delgado, P., Graga, J., Santos, S. &

Gil, L. Cuticle structure in relation to chemical composition:
re-assessing the prevailing model. Front. Plant Sci. 7, 427 (2016).
Kreft, H. & Jetz, W. Global patterns and determinants of vascular
plant diversity. Proc. Natl Acad. Sci. USA 104, 5925-5930 (2007).
Scarpella, E. & Meijer, A. H. Pattern formation in the vascular
system of monocot and dicot plant species. New Phytol. 164,
209-242 (2004).

Schliter, U. & Weber, A. P. M. Regulation and evolution of C,
photosynthesis. Annu. Rev. Plant Biol. 71, 183-215 (2020).

Jain, A. et al. The Materials Project: a materials genome approach
to accelerating materials innovation. APL Mater. 1, 011002 (2013).
de Pablo, J. J. et al. New frontiers for the materials genome
initiative. npj Comput. Mater. 5, 41 (2019).

Joshi, A. et al. Tracking multi-walled carbon nanotubes inside oat
(Avena sativa L.) plants and assessing their effect on growth, yield,
and mammalian (human) cell viability. Appl. Nanosci. 8, 1399-1414
(2018).

Demirer, G. S. et al. Carbon nanocarriers deliver siRNA to intact
plant cells for efficient gene knockdown. Sci. Adv. 6, eaaz0495
(2020).

Zhang, H. et al. Gold-nanocluster-mediated delivery of siRNA

to intact plant cells for efficient gene knockdown. Nano Lett. 21,
5859-5866 (2021).

Wu, H., Tito, N. & Giraldo, J. P. Anionic cerium oxide nanoparticles
protect plant photosynthesis from abiotic stress by scavenging
reactive oxygen species. ACS Nano 11, 11283-11297 (2017).
Chacén-Madrid, K., da Silva Francischini, D. & Arruda, M. A. Z. The
role of silver nanoparticles effects in the homeostasis of metals

in soybean cultivation through qualitative and quantitative laser
ablation bioimaging. J. Trace Elem. Med. Biol. 79, 127207 (2023).
Koelmel, J., Leland, T., Wang, H., Amarasiriwardena, D. & Xing,

B. Investigation of gold nanoparticles uptake and their tissue
level distribution in rice plants by laser ablation-inductively
coupled-mass spectrometry. Environ. Pollut. 174, 222-228 (2013).
Vogel-Mikus, K., Pongrac, P., Kump, P., Kodre, A. & Arcon, I. in
X-Ray Fluorescence in Biological Sciences (eds Singh, V. K. et al.)
Ch. 9,151-162 (Wiley, 2022).

Stegemeier, J. P., Colman, B. P, Schwab, F., Wiesner, M. R. &
Lowry, G. V. Uptake and distribution of silver in the aquatic plant
Landoltia punctata (duckweed) exposed to silver and silver sulfide
nanoparticles. Environ. Sci. Technol. 51, 4936-4943 (2017).
Zhang, H. et al. Nanoparticle cellular internalization is not
required for RNA delivery to mature plant leaves. Nat. Nanotechnol.
17,197-205 (2022).

Staedler, Y. M., Masson, D. & Schénenberger, J. Plant tissues in

3D via X-ray tomography: simple contrasting methods allow high
resolution imaging. PLoS ONE 8, €75295 (2013).

Avellan, A. et al. Gold nanoparticle biodissolution by a freshwater
macrophyte and its associated microbiome. Nat. Nanotechnol. 13,
1072-1077 (2018).

Lopez-Moreno, M. L., de la Rosa, G., Hernandez-Viezcas, J. A,
Peralta-Videa, J. R. & Gardea-Torresdey, J. L. X-ray absorption
spectroscopy (XAS) corroboration of the uptake and storage of CeO,
nanoparticles and assessment of their differential toxicity in four
edible plant species. J. Agric. Food Chem. 58, 3689-3693 (2010).
Larue, C. et al. Fate of pristine TiO, nanoparticles and aged
paint-containing TiO, nanoparticles in lettuce crop after foliar
exposure. J. Hazard. Mater. 273, 17-26 (2014).

Dan, Y. et al. Single particle ICP-MS method development for

the determination of plant uptake and accumulation of CeO,
nanoparticles. Anal. Bioanal. Chem. 408, 5157-5167 (2016).

Bao, D., Oh, Z. G. & Chen, Z. Characterization of silver
nanoparticles internalized by Arabidopsis plants using single
particle ICP-MS analysis. Front. Plant Sci. 7, 32 (2016).

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Keller, A. A., Huang, Y. & Nelson, J. Detection of nanoparticles in
edible plant tissues exposed to nano-copper using single-particle
ICP-MS. J. Nanopart. Res. 20, 1-13 (2018).

Montano, M. D. et al. Exploring nanogeochemical environments:
new insights from single particle ICP-TOFMS and AF4-ICPMS.
ACS Earth Space Chem. 6, 943-952 (2022).

Kang, M. et al. Regulatory mechanisms of phytotoxicity and
corona formation on sprouts by differently charged and sized
polystyrene micro/nano-plastics. Environ. Sci. Nano 10, 1244-1256
(2023).

Yoo, S.-D., Cho, Y.-H. & Sheen, J. Arabidopsis mesophyll
protoplasts: a versatile cell system for transient gene expression
analysis. Nat. Protoc. 2, 1565-1572 (2007).

Kieran, P. M., MacLoughlin, P. F. & Malone, D. M. Plant cell
suspension cultures: some engineering considerations.

J. Biotechnol. 59, 39-52 (1997).

Shanks, J. V. & Morgan, J. Plant ‘hairy root’ culture. Curr. Opin.
Biotechnol. 10, 151-155 (1999).

Ron, M. et al. Hairy root transformation using Agrobacterium
rhizogenes as a tool for exploring cell type-specific gene
expression and function using tomato as a model. Plant Physiol.
166, 455-469 (2014).

Moscatiello, R., Baldan, B. & Navazio, L. Plant cell suspension
cultures. Methods Mol. Biol. 953, 77-93 (2013).

Tan, X.-M., Lin, C. & Fugetsu, B. Studies on toxicity of multi-walled
carbon nanotubes on suspension rice cells. Carbon N. Y. 47,
3479-3487 (2009).

Lin, C., Fugetsu, B., Su, Y. & Watari, F. Studies on toxicity of
multi-walled carbon nanotubes on Arabidopsis T87 suspension
cells. J. Hazard. Mater. 170, 578-583 (2009).

Santos, A. R. et al. The impact of CdSe/ZnS quantum dots in cells
of Medicago sativa in suspension culture. J. Nanobiotechnol. 8, 24
(2010).

Khodakovskaya, M. V., de Silva, K., Biris, A. S., Dervishi, E. &
Villagarcia, H. Carbon nanotubes induce growth enhancement of
tobacco cells. ACS Nano 6, 2128-2135 (2012).

Liu, Q. et al. Carbon nanotubes as molecular transporters for
walled plant cells. Nano Lett. 9, 1007-1010 (2009).

Spano, L., Mariotti, D., Pezzotti, M., Damiani, F. & Arcioni, S. Hairy
root transformation in alfalfa (Medicago sativa L.). Theor. Appl.
Genet. 73, 523-530 (1987).

Mohebodini, M., Fathi, R. & Mehri, N. Optimization of hairy

root induction in chicory (Cichorium intybus L.) and effects of
nanoparticles on secondary metabolites accumulation. Iran. J.
Genet. Plant Breed. 6, 60-68 (2017).

Chung, I.-M., Rekha, K., Rajakumar, G. & Thiruvengadam, M.
Production of bioactive compounds and gene expression
alterations in hairy root cultures of chinese cabbage elicited by
copper oxide nanoparticles. Plant Cell Tissue Organ Cult. 134,
95-106 (2018).

Chung, I.-M., Rajakumar, G. & Thiruvengadam, M. Effect of silver
nanoparticles on phenolic compounds production and biological
activities in hairy root cultures of Cucumis anguria. Acta Biol.
Hung. 69, 97-109 (2018).

Jeon, S.-J. et al. Electrostatics control nanoparticle interactions
with model and native cell walls of plants and algae. Environ. Sci.
Technol. 57,19663-19677 (2023).

Bao, G., Tang, M., Zhao, J. & Zhu, X. Nanobody: a promising toolkit
for molecular imaging and disease therapy. EJNMMI Res. 11, 6
(2021).

Liu, Q. et al. SELEX tool: a novel and convenient gel-based
diffusion method for monitoring of aptamer-target binding.

J. Biol. Eng. 14,1 (2020).

Li, G. et al. Currently available strategies for target identification
of bioactive natural products. Front. Chem 9, 761609 (2021).

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Review article

https://doi.org/10.1038/s41565-024-01667-5

166. Wilson, B. A. P., Thornburg, C. C., Henrich, C. J., Grkovic, T. &
O’Keefe, B. R. Creating and screening natural product libraries.
Nat. Prod. Rep. 37, 893-918 (2020).

167. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

168. Ruff, K. M. & Pappu, R. V. AlphaFold and implications for
intrinsically disordered proteins. J. Mol. Biol. 433, 167208
(2021).

169. Terwilliger, T. C. et al. AlphaFold predictions are valuable
hypotheses and accelerate but do not replace experimental
structure determination. Nat. Methods 21, 110-116 (2023).

170. Gropp, R. E. NSF: time for big ideas. Bioscience 66, 920-920
(2016).

171. Simon, D. & Schiemer, F. Crossing boundaries: complex systems,
transdisciplinarity and applied impact agendas. Curr. Opin.
Environ. Sustain. 12, 6-11 (2015).

172. Newell, W. H. &Klein, J. T. Interdisciplinary studies into the 21st
century. J. Gen. Educ. 45, 152-169 (1996).

173. Stokols, D., Hall, K. L., Taylor, B. K. & Moser, R. P. The science
of team science: overview of the field and introduction to the
supplement. Am. J. Prev. Med. 35, S77-S89 (2008).

174. Bammer, G. Integration and implementation sciences. In Complex
Science for a Complex World (eds Perez, P. & Batten, D.) 95-108
(ANU Press, 2006).

175. Pohl, C., Truffer, B. & Hirsch-Hadorn, G. Addressing wicked
problems through transdisciplinary research. In The Oxford
Handbook of Interdisciplinarity 2nd edn (ed. Frodeman, R.)
319-331 (Oxford Univ. Press, 2017).

176. Alhaddi, H. et al. Triple bottom line and sustainability: a literature
review. Bus. Manage. Stud. 1, 6-10 (2015).

177. Grieger, K. et al. Fostering responsible innovation through stake-
holder engagement: case study of North Carolina sweetpotato
stakeholders. Sustain. Sci. Pract. Policy 14, 2274 (2022).

178. Tait, J. Upstream engagement and the governance of science. The
shadow of the genetically modified crops experience in Europe.
EMBO Rep. 10 (Suppl. 1), $18-522 (2009).

179. Merck, A. W., Grieger, K. D. & Kuzma, J. How can we promote the
responsible innovation of nano-agrifood research? Environ. Sci.
Policy 137, 185-190 (2022).

180. National Nanotechnology Initiative Strategic Plan (NNI, 2021).

181. Grieger, K., Merck, A. & Kuzma, J. Formulating best practices for
responsible innovation of nano-agrifoods through stakeholder
insights and reflection. J, Responsib. Technol. 10, 100030
(2022).

182. Park, K. Nanotechnology: what it can do for drug delivery.

J. Control. Release 120, 1-3 (2007).

183. Hua, S., de Matos, M. B. C., Metselaar, J. M. & Storm, G. Current
trends and challenges in the clinical translation of nanoparticulate
nanomedicines: pathways for translational development and
commercialization. Front. Pharmacol. 9, 790 (2018).

184. Shen, S., Wu, Y., Liu, Y. & Wu, D. High drug-loading
nanomedicines: progress, current status, and prospects. Int. J.
Nanomed. 12, 4085-4109 (2017).

185. Liu, Y., Yang, G., Jin, S., Xu, L. & Zhao, C.-X. Development of high-
drug-loading nanoparticles. ChemPlusChem 85, 2143-2157
(2020).

186. Mercier, J. & Lindow, S. E. Role of leaf surface sugars in
colonization of plants by bacterial epiphytes. Appl. Environ.
Microbiol. 66, 369-374 (2000).

187. Dror, I., Yaron, B. & Berkowitz, B. Abiotic soil changes induced by
engineered nanomaterials: a critical review. J. Contam. Hydrol.
181, 3-16 (2015).

188. Grieger, K. D. et al. Responsible innovation of nano-agrifoods:
insights and views from U.S. stakeholders. Nanolmpact 24,
100365 (2021).

189. Cummings, C. L., Kuzma, J., Kokotovich, A., Glas, D. & Grieger, K.
Barriers to responsible innovation of nanotechnology
applications in food and agriculture: a study of US experts and
developers. Nanolmpact 23, 100326 (2021).

190. Kuzma, J. & Grieger, K. Community-led governance for
gene-edited crops. Science 370, 916-918 (2020).

191. Xu, T. et al. Enhancing agrichemical delivery and seedling develop-
ment with biodegradable, tunable, biopolymer-based nanofiber
seed coatings. ACS Sustain. Chem. Eng. 8, 9537-9548 (2020).

192. Wypij, M. et al. The strategic applications of natural polymer nano-
composites in food packaging and agriculture: chances, challenges,
and consumers’ perception. Front. Chem. 10, 1106230 (2022).

193. Accinelli, C. et al. Degradation of microplastic seed film-coating
fragments in soil. Chemosphere 226, 645-650 (2019).

194. Deng, L., Cai, L., Sun, F., Li, G. & Che, Y. Public attitudes towards
microplastics: perceptions, behaviors and policy implications.
Resour. Conserv. Recycl. 163, 105096 (2020).

195. Lian, J. et al. Effects of microplastics derived from polymer-
coated fertilizer on maize growth, rhizosphere, and soil
properties. J. Clean. Prod. 318, 128571 (2021).

196. Shahabi-Ghahafarrokhi, I., Khodaiyan, F., Mousavi, M. & Yousefi, H.
Preparation and characterization of nanocellulose from beer
industrial residues using acid hydrolysis/ultrasound. Fibers Polym.
16, 529-536 (2015).

197. Yadav, M. et al. Seafood waste: a source for preparation of
commercially employable chitin/chitosan materials. Bioresour.
Bioprocess. 6, 1-20 (2019).

198. Sharma, V., Tiwari, P. & Mobin, S. M. Sustainable carbon-dots:
recent advances in green carbon dots for sensing and
bioimaging. J. Mater. Chem. B 5, 8904-8924 (2017).

199. Pordevié, L., Arcudi, F., Cacioppo, M. & Prato, M. A multifunctional
chemical toolbox to engineer carbon dots for biomedical and
energy applications. Nat. Nanotechnol. 17, 112-130 (2022).

200.Goswami, P., Mathur, J. & Srivastava, N. Silica nanoparticles as
novel sustainable approach for plant growth and crop protection.
Heliyon 8, e09908 (2022).

201. Siddiqui, M. H. & Al-Whaibi, M. H. Role of nano-SiO, in germination
of tomato (Lycopersicum esculentum seeds Mill.). Saudi J. Biol. Sci.
21,13-17 (2014).

202. Attarilar, S. et al. The toxicity phenomenon and the related occur-
rence in metal and metal oxide nanoparticles: a brief review from
the biomedical perspective. Front. Bioeng. Biotechnol. 8, 822 (2020).

2083.Zhang, P. et al. Nanomaterial transformation in the soil-plant
system: implications for food safety and application in
agriculture. Small 16, e2000705 (2020).

204.Pourzahedi, L. et al. Life cycle considerations of nano-enabled
agrochemicals: are today’s tools up to the task? Environ. Sci. Nano
5,1057-1069 (2018).

205.Peng, B. et al. Towards a multiscale crop modelling framework for
climate change adaptation assessment. Nat. Plants 6, 338-348
(2020).

Acknowledgements

This material is based on work supported by the National Science
Foundation and USDA under grants CBET 2222373 and USDA 2022-
67021-38078 to GV.L., J.PG., N.F.S., K.D.R. and C.O.H., and National
Science Foundation grants CBET 2133568 to G.V.L. and J.P.G., and
CBET 2134535 to J.P.G., GV.L. and N.F.S. A.A. received funding from the
European Research Council under grant 101041729.

Author contributions

GV.L., J.PG., N.F.S., K.D.R. and C.O.H. conceived the idea for the
workshop and resulting paper. All authors contributed to the ideas in
the paper and helped to write, review and revise the manuscript text
before submission.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Review article

https://doi.org/10.1038/s41565-024-01667-5

Competinginterests

N.F.S. is a co-founder of, has equity in, and has a financial interest with
Mosaic ImmunoEngineering Inc. N.S.F. is also a co-founder of, and
serves as manager of Pokometz Scientific LLC, under which she is a
paid consultant to Flagship Labs 95 Inc. and Arana Biosciences Inc.
GV.L. and J.P.G. received research funding from BASF for topics related
to this review. The other authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Gregory V. Lowry or Juan Pablo Giraldo.

Peer review information Nature Nanotechnology thanks Roxana Coreas
and Gregory Franklin for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2024

'Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, PA, USA. 2Botany and Plant Sciences, University of California, Riverside,

Riverside, CA, USA. ®Department of NanoEngineering, University of California San Diego, San Diego, CA, USA. “Department of Bioengineering, University
of California San Diego, San Diego, CA, USA. *Department of Radiology, University of California San Diego, San Diego, CA, USA. ®Center for Nano-
ImmunoEngineering, University of California San Diego, San Diego, CA, USA. ’Shu and K.C. Chien and Peter Farrell Collaboratory, University of California
San Diego, San Diego, CA, USA. ®Center for Engineering in Cancer, Institute of Engineering in Medicine, University of California San Diego, San Diego,
CA, USA. *Moores Cancer Center, University of California, University of California San Diego, San Diego, CA, USA. "°Institute for Materials Discovery and
Design, University of California San Diego, San Diego, CA, USA. "UMR 5563 CNRS, Toulouse, Occitanie, France. ?Chemistry and Chemical Engineering,
California Institute of Technology, Pasadena, CA, USA. ®Agricultural and Biological Engineering, Purdue University, West Lafayette, IN, USA. “Geological

and Environmental Sciences, Appalachian State University, Boone, NC, USA. ®Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY,
USA. ®The Connecticut Agricultural Research Station, New Haven, CT, USA. "Department of Molecular Biology, University of California San Diego, San
Diego, CA, USA. ®Applied Ecology, North Carolina State University, Raleigh, NC, USA. ®Applied Science, University of Arkansas, Little Rock, AK, USA.
20plant and Soil Sciences, University of Kentucky, Lexington, KY, USA. ?’Department of Chemistry and Burnett School of Biomedical Sciences,
University of Central Florida, Orlando, FL, USA. 2Chemical Engineering and Biomedical Engineering, Carnegie Mellon University, Pittsburgh, PA, USA.

e-mail: glowry@andrew.cmu.edu; juanpablo.giraldo@ucr.edu

Nature Nanotechnology


http://www.nature.com/naturenanotechnology
http://www.nature.com/reprints
mailto:glowry@andrew.cmu.edu
mailto:juanpablo.giraldo@ucr.edu

	Towards realizing nano-enabled precision delivery in plants

	NC structure–property relationships for active agent delivery

	Material structure and surface chemistry define NC–plant interactions, uptake and translocation

	Biomimicry and bio-inspired designs

	Structure determines NC cargo and release to its target

	Biologically or environmentally responsive NCs


	Biotargeting approaches for delivery of NCs and their cargoes

	Lessons learned from nanomedicine

	Targeted delivery mediated by the plant or pathogen biorecognition molecular machinery


	NC transformations for targeted and controlled delivery

	Exogenous transformations at the plant’s outer surfaces

	Endogenous transformations inside of plants

	Controlled release by NC transformations

	Challenges for delivery mediated by transformations


	Creating predictive digital model plant systems

	Key enabling computational methodologies

	Nanoscale

	Mesoscale

	Continuum

	Systems level

	Benchmark data to develop and calibrate digital plants

	Critical challenges for the development of digital plants


	New data acquisition approaches for tracking NC delivery

	Tools for in vivo characterization and detection of NCs

	Increasing the throughput and speed of data acquisition from in vitro plant cell and tissue-based systems

	New model systems for studying plant surface–NC interactions

	Tools for studying NC biotargeting and controlled release of cargoes in plants


	Sustainable development and use of NCs in agriculture

	Convergence across scientific and societal boundaries to foster sustainability

	NC scalability and manufacture

	Understanding risk and impacts on the environment and society

	Regulatory landscape and challenges for nanotechnology mediate delivery approval


	Outlook

	Acknowledgements

	Fig. 1 Design of NC properties (for example, size, rigidity and aspect ratio).
	Fig. 2 Precision delivery of NCs with cargoes to target organelles, cells and tissues mediated by biorecognition.
	Fig. 3 NC transformations for targeted and controlled release.
	Fig. 4 Development of a plant digital twin will enable rapid discovery of NC designs that enable efficient targeted delivery into plants.
	Fig. 5 New tools and technologies needed to design NCs for precision agrochemical delivery.
	Table 1 Examples of targeted delivery of NCs and chemical cargoes in plants through biorecognition.




