
Metadata of the chapter that will be visualized online

Chapter Title Biological Barriers, Processes, and Transformations at the Soil–Plant–
Atmosphere Interfaces Driving the Uptake, Translocation, and Bioavailability 
of Inorganic Nanoparticles to Plants

Copyright Year 2022
Copyright Holder The Author(s), under exclusive license to Springer Nature Switzerland AG
Corresponding Author Family Name Avellan

Particle

Given Name Astrid

Suffix

Division CESAM & Department of Chemistry

Organization/University University of Aveiro

Address Aveiro, Portugal

Email aavellan@ua.pt
Author Family Name Rodrigues

Particle

Given Name M. Sónia

Suffix

Division CESAM & Department of 
Environment and Planning

Organization/University University of Aveiro

Address Aveiro, Portugal

Email smorais@ua.pt
Author Family Name Morais

Particle

Given Name Bruno P.

Suffix

Division CESAM & Department of Chemistry

Organization/University University of Aveiro

Address Aveiro, Portugal
Author Family Name Therrien

Particle

Given Name Benjamin

Suffix



Division

Organization/University CEE, Carnegie Mellon University

Address Pittsburgh, PA, USA
Author Family Name Zhang

Particle

Given Name Yilin

Suffix

Division

Organization/University CEE, Carnegie Mellon University

Address Pittsburgh, PA, USA
Author Family Name Rodrigues

Particle

Given Name Sandra

Suffix

Division CESAM & Department of 
Environment and Planning

Organization/University University of Aveiro

Address Aveiro, Portugal
Author Family Name Lowry

Particle

Given Name V. Gregory

Suffix

Division

Organization/University CEE, Carnegie Mellon University

Address Pittsburgh, PA, USA

Email glowry@andrew.cmu.edu



Abstract The development of nanotechnologies for more sustainable agriculture is an 
innovative strategy proposed to increase food production while decreasing 
material inputs and reducing environmental impacts. Nanoparticles (NPs) 
applied to seeds, soil, or leaves interact with plants at two major interfaces: 
the rhizoplane (root–rhizosphere interface) or the phylloplane (atmosphere–
leaf interface). NP transformations occurring at these interfaces control 
their bioavailability, while plant structures are barriers to NP absorption 
and bottlenecks for their translocation. This chapter focuses on the complex 
interplays driving NP uptake, translocation, and accumulation into plant 
tissues. Foliar treatments appear to present advantages over soil application 
for the delivery of NPs to certain compartments. The adjustment of the size 
and surface properties of nanoparticles could allow specific targeting (e.g., 
apoplast, symplast, organelles) and designed mobility to freely reach the 
phloem or accumulate in the mesophyll. Furthermore, this chapter highlights 
the knowledge gaps that need to be overcome for the safe and efficient 
development of nano-enabled agriculture. The parameters influencing for NP 
movement across cuticle barriers, cell walls, and cell membranes are still to 
be identified. Consequently, NP mobility in the root cortex and through the 
endodermis before entering the xylem or in the mesophyll before loading the 
phloem is not predictable yet. The processes that drive NP movement from 
the mesophyll cells to the sinks and their capacity to load the phloem are also 
poorly characterized. In addition, plant physiological responses and in vivo 
transformations, such as dissolution rates, or protein corona formation around 
NPs, remain important knowledge gaps that need to be addressed to understand, 
predict, and regulate NP translocation in plants and their bioavailability, thus 
enabling safe and efficient, targeted delivery of NPs for agricultural purposes.
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Abstract The development of nanotechnologies for more sustainable agriculture is 
an innovative strategy proposed to increase food production while decreasing mate-
rial inputs and reducing environmental impacts. Nanoparticles (NPs) applied to 
seeds, soil, or leaves interact with plants at two major interfaces: the rhizoplane 
(root–rhizosphere interface) or the phylloplane (atmosphere–leaf interface). NP 
transformations occurring at these interfaces control their bioavailability, while 
plant structures are barriers to NP absorption and bottlenecks for their translocation. 
This chapter focuses on the complex interplays driving NP uptake, translocation, 
and accumulation into plant tissues. Foliar treatments appear to present advantages 
over soil application for the delivery of NPs to certain compartments. The adjust-
ment of the size and surface properties of nanoparticles could allow specific target-
ing (e.g., apoplast, symplast, organelles) and designed mobility to freely reach the 
phloem or accumulate in the mesophyll. Furthermore, this chapter highlights the 
knowledge gaps that need to be overcome for the safe and efficient development of 
nano-enabled agriculture. The parameters influencing for NP movement across 
cuticle barriers, cell walls, and cell membranes are still to be identified. Consequently, 
NP mobility in the root cortex and through the endodermis before entering the 
xylem or in the mesophyll before loading the phloem is not predictable yet. The 
processes that drive NP movement from the mesophyll cells to the sinks and their 
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capacity to load the phloem are also poorly characterized. In addition, plant physi-
ological responses and in vivo transformations, such as dissolution rates, or protein 
corona formation around NPs, remain important knowledge gaps that need to be 
addressed to understand, predict, and regulate NP translocation in plants and their 
bioavailability, thus enabling safe and efficient, targeted delivery of NPs for agricul-
tural purposes.

Keywords Target · Fate · Nanobiotechnology · Plant-nanoparticle interaction

1  Introduction: Nano-Formulations Targeting Specific 
Plant Compartments

Agriculture is one of the largest and most significant industries in the world. The 
agri-food production chain causes relevant environmental hazards (biodiversity 
loss, disruption of global nutrient cycles, soil, and water pollution) (Rodrigues et al., 
2017). The current use of fertilizers and agrochemicals is highly inefficient and pol-
luting, partly due to the poor design of the products and their application strategies. 
Fertilizers and pesticides are applied annually by the ton (187 million metric tons 
and four million tons, respectively) (Zhang, 2018). Only a small percentage of the 
applied pesticides or fertilizers reach their target (Hofmann et al., 2020), a part of 
the applied products being lost, either to the atmosphere (during spray application) 
or as run-off (approx. 50–70%) (Rodrigues et al., 2017). Further knowledge and 
more efficient technologies for agrochemical and fertilizer applications with neutral 
or positive environmental impacts are necessary and must be put in practice to 
ensure the safety of use and food security.

These concerns have led the scientific community to propose alternatives to con-
ventional products to decrease environmental impacts and input quantities through 
the development of new nano-based technologies for more efficient delivery and 
increased efficacy (Lowry et al., 2019). These novel delivery systems for agronomic 
products are capable of protecting the crops, increasing crop yields and the nutri-
tional value of foods, while reducing losses of active ingredients (AIs) (Rodrigues 
et al., 2017; Wang et al., 2016). Nano-enabled products are an important tool and a 
promising opportunity to develop new materials for timed and targeted delivery of 
products for crop growth, nutrition, and protection. Nanoparticles (NPs) can be for-
mulated so that the AI delivery becomes time- and stimuli-responsive (Rodrigues 
et al., 2017) (for biotic or abiotic (Camara et al., 2019) triggers), releasing the prod-
uct only when those specific conditions are met.

Examples of nano-enabled strategies for agriculture are the following (Rodrigues 
et al., 2017; Hofmann et al., 2020; Lowry et al., 2019; Camara et al., 2019; Shang 
et al., 2019; do Espirito Santo Pereira et al., 2021; Kah et al., 2019a):
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• Gene editing for protection against environmental stresses (temperature changes, 
droughts, floods, increasing salinity, etc.) by foliarly applying nanocarriers 
loaded with genetic material (e.g., DNA plasmids or dsRNA).

• Plant protection against pests and pathogens, by delivering nano-enabled AIs to 
plant leaves, to crop soil, or by treating seeds.

• Fertilization, to increase yields and crop nutrition by providing micronutrients to 
crops either by foliar or soil application, but also by coating seeds before sowing.

• Growth improvement by soil or foliar application of NPs containing AIs improv-
ing photosynthetic performance and regulating plant stress hormones.

• Soil properties and health restoration and protection by directly applying NPs to 
soils to promote optimal conditions for soil microbiome to be maintained and/or 
improved but also for soil amendment to prevent soil degradation.

Among all of these NPs, inorganic materials are of particular interest for the 
range of potential benefits they may provide, but also of concerns because of their 
persistent nature in the ecosystems. One major challenge for developing more sus-
tainable phytoprotection and fertilization products through an efficient design of 
these NP structures is their delivery to the crops. Depending on the type of product 
applied and the goals aimed at, NPs will be provided to the plant either through (a) 
seed coating, (b) the soil for root applications, (c) direct application to the foliage, 
or (d) feeding/injecting into the plant stems or trunks. The NPs will thus interact 
with different plant interfaces: the phylloplane (atmosphere–leaf interface), the rhi-
zosphere (soil–root interface), and the rhizoplane (root–rhizosphere interface). The 
fate, transformation, and behavior of NPs will vary depending on which of these 
interfaces they will be in contact with. This chapter focuses on detailing what cel-
lular barriers and plant bottlenecks need to be overcome for these NPs to reach their 
target. It also provides insight into their in planta transformation, transport, and 
bioavailability. The NP properties that would allow for optimized design of nano- 
enabled fertilizers and agrochemicals are described.

2  The Soil–Root Interface

2.1  The Rhizosphere, a Biologically Active Interface

The soil application of conventional fertilizers and micronutrients is currently inef-
ficient (DeRosa et al., 2015; Bindraban et al., 2015; Raliya et al., 2018). This is 
mostly caused by run-off and rapid leaching of dissolved phases throughout the 
critical zone or by physical–chemical processes leading to the immobilization of 
inorganic elements in the solid phase. This hampers their diffusion toward the plant 
rhizosphere, where they must become available for root uptake. For reducing losses 
and collateral damages, materials must be tailored to target the plant root–soil inter-
face and/or to enable biogeochemical transformations in the rhizosphere toward a 
steady-state release of inorganic elements to the soil solution, in physical–chemical 
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forms (either ionic or nanoforms) that can be readily absorbed and/or taken up by 
plant roots. NPs can potentially enable the slow release of inorganic fertilizers and 
micronutrients applied to soil relevant to control their reaction at the soil–root inter-
face, thus allowing to achieve effective concentrations in the rhizosphere with 
greater improvement in plant bioactivity (Rodrigues et al., 2017; Kah et al., 2019a; 
Dimkpa et al., 2017; Adisa et al., 2019; Dimkpa, 2018). Indeed, several studies have 
recently reported that NPs added to soils were more effective than conventional 
fertilizers in improving plant nutrition (Kah et al., 2019a; Kopittke et al., 2019). 
However, many of these observations were phenomenological rather than mecha-
nistic in nature; appropriate controls were often not included in the experimental 
designs; and, in some cases, nano-specific effects were either unclear or disappeared 
when chemical speciation and elements’ bioavailability in the root medium were 
considered (Kopittke et al., 2019; Qiu & Smolders, 2017). Thus, a better mechanis-
tic understanding of the processes occurring in the rhizosphere is needed for inves-
tigating the bioavailability of NPs applied to soil so as to understand the conditions 
under which their application increases the efficiency of use.

The root–soil interface is a biologically active soil zone with complex plant–
soil–microbial interactions, which have been largely overlooked in nanoparticle soil 
studies. In 1904, Hiltner clearly identified the key role of both microbial activity and 
of chemicals secreted by roots in controlling the conditions in the surroundings of 
the plant roots and first described the “rhizosphere.” Operational definitions of the 
rhizosphere have often restricted it to the 2  mm of soil around the root surface 
(Dotaniya & Meena, 2015). However, it is now clear that the rhizosphere varies with 
plant species, plant type (monocot vs. dicot), and soil type, and that this is not a 
region of definable size or shape (McManus et al., 2018). Rather, it is a dynamic 
region where radial and longitudinal gradients of biogeochemical conditions occur 
driven by soil properties, by the root physical activity, and by root exudates, medi-
ated by microorganisms in the soil and plant microbiomes. In turn, the biogeo-
chemical processes occurring in the rhizosphere control a multitude of 
physical–chemical transformations regulating the fate of inorganic NPs and chemi-
cal element activities that control their bioactivity.

Three rhizosphere zones of relevance for the fate of NPs in soils have been iden-
tified (Fig. 1): the endorhizosphere refers to the apoplastic space between cells of 
the root cortex and endodermis, which can be occupied by microbes and dissolved 
ions (and eventually by NPs); the rhizoplane is the interface zone with the soil, 
directly adjacent to the root and including the root epidermis and mucilage, relevant 
for adsorption and eventual subsequent uptake of NPs; and the ectorhizosphere 
extends from the rhizoplane out into the bulk soil. The mucilage is formed by high- 
molecular- weight, insoluble polysaccharides secreted by root cells as the root grows 
through the soil (McManus et al., 2018). It can assist plants in nutrient acquisition, 
aeration, water filtration, and in the sequestration of toxic metals; as it binds soil 
particles, it may also play a relevant role in the binding of NPs and of their aggregates.

Plant roots can release up to 40% of their total photosynthetically fixed carbon in 
the rhizosphere (mostly in organic forms) as a response to nutrient deficiency, toxic-
ity, or stress conditions (McManus et  al., 2018). Root exudates are a complex 
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mixture of low-molecular-weight organic acids (LMWOAs), phytosiderophores, 
phenolics, amino acids, proteins, sugars, vitamins, inorganic ions, volatile organic 
carbon compounds, enzymes, and root border cells (Dotaniya & Meena, 2015; 
Vives-Peris et al., 2020). These biomolecules enable plants to access nutrients by (a) 
changing the pH or redox conditions in the rhizosphere, causing dissolution of min-
eral phases or the desorption of nutrients from clays, oxides, or organic matter into 
the soil solution; (b) directly chelating with plant nutrients; or (c) rendering them 
available for absorption through enzymatic activity. Two root exudation strategies 
(Strategy I and Strategy II) enable plant acquisition of Fe and other micronutrients 
under nutrient deficiency stress. Dicotyledons and nongraminaceous monocotyle-
dons release H+ to increase free ionic Fe in the rhizosphere soil solution and increase 
Fe uptake (Strategy I). In Strategy II, graminaceous species (Gramineae) release 
Fe(III)-chelating, low-molecular-weight compounds, called phytosiderophores 
(e.g., mugineic acid) (McManus et al., 2018). Fe(III)–phytosiderophore complexes 
are formed at the mineral surfaces, transferred into the soil solution, and subse-
quently transported across the root plasma membrane (Ahmed & Holmström, 
2014). Besides Fe, phytosiderophores also mobilize Zn, Mn, and Cu (Ahmed & 
Holmström, 2014). Root exudates have a major direct and indirect effect on the 
chemical reaction of metallic NPs and respective dissolved ions in the rhizosphere 
as well as on their absorption by plant roots.

Fig. 1 Parameters influencing NP bioavailability in the bulk and rhizosphere soil
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2.2  Biogeochemical Processes in the Rhizosphere Influencing 
NP Transformation and Immobilization

Several recent reviews described the role of soil type and soil properties on the fate 
of NPs in soils and on their bioavailability for plants (Dimkpa, 2018; Cornelis et al., 
2014; Rodrigues et al., 2016; Anderson et al., 2017; Layet et al., 2017). Soil pH, soil 
organic matter (SOM), clay, sesquioxides, ionic strength, cation exchange capacity, 
or redox potential governs aggregation and sorption/desorption, while redox pro-
cesses of inorganic NPs in soil drive NP bioavailability either by adsorption onto the 
root epidermis or by absorption through the root apoplast or symplast (Layet et al., 
2017). Over the last decade, a relevant effort was made to improve our analytical 
capacity to detect NPs in soil and solution phases. The physical–chemical processes 
that NPs will undergo as a response to soil conditions over time and how these will 
influence NP fate in soils are now better described. Among them, we could cite 
homo- and hetero-aggregation, complexation, ion exchange, and electrostatic inter-
actions, pH and redox reactions leading to precipitation or dissolution to ionic spe-
cies and chemical speciation changes, changes in physical shape, surface coating by 
dissolved organic matter (DOM), or biomacromolecules (Dimkpa, 2018; Rodrigues 
et al., 2016; Rodrigues et al., 2020). Clearly, both the physical–chemical properties 
of the bulk soil and the localized biogeochemical conditions resulting from plant 
root exudates and microbial activity, such as those in the rhizosphere, determine the 
reaction of NPs in soil and their bioavailability for plants (McManus et al., 2018; 
Gao et al., 2017; Gao et al., 2018; Gao et al., 2019).

Current literature on the reaction of inorganic NPs in soil and their bioavailabil-
ity to plants allows us to conclude the following (Dimkpa, 2018; Kopittke et al., 
2019; Rodrigues et  al., 2016; Anderson et  al., 2017; Layet et  al., 2017; Gao 
et al., 2019):

• The biogeochemistry and bioavailability mechanisms of NPs in soils are highly 
influenced by specific soil conditions/properties over time, including both short- 
term kinetics and long-term aging processes.

• In the bulk soil, and particularly in acidic soil, the pH will be the main driver of 
the short-term kinetic reactions and bioavailability of cationic elements, mainly 
through ion release resulting from oxidative dissolution; in this case, SOM can 
provide binding control of the solid-solution partition of dissolved ions and influ-
ence NP solubility in the bulk soil.

• Interactions of NPs and released ions with other cations in the solution phase of 
the rhizosphere zone will influence their root uptake due to both competitive 
binding and competitive absorption.

• Adsorption of inorganic anions can chemically alter the surface composition of 
NPs rendering them more available for plant uptake. For example, phosphate 
induces a change in the redox state of CeO2 (from Ce(IV) to Ce(III)) causing the 
formation of more readily phytoavailable cerium phosphate (Singh et al., 2011).
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• Soil salinity can increase NP retention in soil and reduce their bioavailability by 
increased aggregation and higher pore straining in soil (Cornelis et al., 2014).

• At alkaline pH conditions, such as calcareous soils (pH ≥ 8), aggregation pro-
cesses will prevail, although plant uptake of both NPs and ionic phases may still 
occur; in this case, NP reactivity and bioavailability will be effective almost only 
at the rhizosphere, driven by i) protons released by roots and associated biogeo-
chemical gradients at the root–soil interface as well as increase of the reducing 
capacity of the rhizodermal cells, as part of dicots Strategy I to take up Fe from 
soil; and ii) by complexation with LMWOAs and phytosiderophores released by 
plant roots as a response to nutrient deficiency; notably, elements such as Cu and 
Zn can compete with Fe at the Fe–phytosiderophore binding sites (as part of Fe 
uptake mechanism of Strategy II monocots).

• As NP doses in soil increase, complexation by chemical compounds released by 
plants and microbes at the rhizosphere (as a biological response to the presence 
of the NPs in the root soil interface) will be dominant, and will control their bio-
availability in the rhizosphere (often increasing it); root exudation may be a 
response to the increase of the dose of NPs at the root rhizoplane and/or to an 
increase in metal cation uptake (McManus et al., 2018); for example, the release 
of Cu-complexing root exudates (LMWOAs such as citrate and malate) by wheat 
was reported as a response to CuO-NPs in the rhizosphere (McManus et  al., 
2018). Here, the exudates complexed with Cu, removing free Cu ions from solu-
tion driving the dissolution of the CuO-NPs forward.

• The plant microbiome, notably endophytic bacteria, or fungi at the endorhizo-
sphere and microorganisms in the ectorhizosphere also secrete metabolites and 
ligands that further complex metal ions dissolved from NPs and further increase 
their solubility in the rhizosphere.

Nonetheless, the complexity and the dynamic nature of the reactions and interac-
tions of NPs at the nanoparticle–root interface and of the underlying mechanisms at 
the plant physiological and molecular level still pose difficulties for a complete 
understanding of observed reactivities/bioactivities of NPs in the rhizosphere and 
for the characterization of nanospecific bioavailability effects on plants.

2.3  Reaching the Rhizoplane and Entering the Root

A fraction of the soil-applied NPs will reach the rhizoplane at the surface of plant 
roots. Plant roots are organs that allow uptake of water and (micro)nutrients from 
the soil. Environmental processes can prevent the NPs from reaching the root sur-
face. Plants that undergo strong redox cycles along flooding seasons can, for 
instance, present an iron plaque formation at their surface. This iron plaque has been 
shown to strongly limit the uptake of CuO NP by rice (Peng et al., 2018). Other than 
chemistry changes due to water flooding, plant roots can release protons, amino 
acids, organic carbon, and CO2, driving the rhizosphere biogeochemical conditions 
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(as described above). These chemical changes at the root surface will be important 
drivers for the speciation of NPs, their association to the root surface, and the uptake 
of the metal species (McManus et al., 2018; Spielman-Sun et al., 2018). Viewing the 
importance of the chemical reaction and interactions taking place at the root sur-
face, one could challenge the possible extrapolation between different matrix sys-
tems used to expose the plant to NPs through roots. For instance, a hydroponic 
system will prevent root anchoring. Their constant oxygenation through bubbling 
induces different redox and pH conditions, detaches the border cells from the root 
tips, and consequently modulates root exudation (Oburger et al., 2014). If system 
complexity needs to be decreased for experimental purposes, and if soil cannot be 
used for testing NP uptake and translocation in plants, it might be beneficial that 
scientific setups lean toward solid matrices more representative of a soil (e.g., sands 
or gels).

Once reaching the root surface, a fraction of the NPs can be absorbed in the 
roots. Morphological and physiological traits will be drivers for NP uptake. For 
instance, monocotyledons present fibrous root systems (higher surface area), while 
dicotyledons have a tap root system. This differential root architecture seems to 
influence NP uptake, and specific surface area is positively correlated with Ce 
uptake from CeO2 NPs (Spielman-Sun et al., 2019). Furthermore, it is likely that NP 
uptake will follow the water flow driven by plant transpiration. Studies have shown 
a link between plant transpiration rate and NP root uptake (Spielman-Sun et  al., 
2019; Schwab et al., 2016), but this question remains overlooked. Furthermore, the 
correlation between root surface, water evapotranspiration, and NP uptake does not 
always hold for NP presenting a surface charge (either negative or positive) 
(Spielman-Sun et  al., 2019). This is likely due to the electrostatic interactions 
between NP and the root surface and/or mucilage, which are strong enough to 
impair NP root uptake. Once reaching the rhizoplane, NP will interact with the root 
surface and the biomacromolecules exudated by the roots. The mucilage, described 
above, is exudated into the rhizosphere via the root cap (the border cells) and root 
hairs. It is rich in carboxyl groups, conferring an overall negative charge to the 
mucilage for rhizospherical pH. These NP–mucilage interactions have been shown 
to be an important driver regarding NP uptake limitation for NP presenting a posi-
tive surface charge (Avellan et al., 2017) across various plant species (Spielman- 
Sun et al., 2019).

The portion of NP that becomes mobile in the rhizosphere and that reaches the 
root cells’ surface can either be adsorbed on the root surface or taken up in the root. 
The pathways of root uptake are highlighted in Fig. 2. There are several barriers NPs 
will have to cross before entering the plants through the roots: the cuticle made of 
waxes that covers young roots and emerging lateral roots (Berhin et al., 2019), and 
the cell walls of the hairs and/or the epidermis cells. Depending on the growth con-
ditions, the root compartment, and the plant species, root cell walls can undergo 
suberization and/or lignification, making them—theoretically—highly imperme-
able (Schwab et al., 2016).

While hydrophilic NPs should not be able to directly cross the cuticle, recent 
work has described a higher root uptake of NP presenting a hydrophobic surface 

A. Avellan et al.

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293



(Sharma et al., 2020). This suggests that the cuticle layers might not be as impene-
trable as what was previously hypothesized in the literature and that uptake depends 
on the NP coating, corona formation, and resulting surface properties. These pro-
cesses are yet to be elucidated, and these routes of uptake deserve more attention. 
Several studies also observed NP accumulation where the mucilage is not too abun-
dant, where the cuticle and the cell walls are thinner, or when cells are ripped. For 
instance, NPs have been shown to enter the roots through cracks at the root surface 
(“crack-entry” mode), at the primary root–lateral root junction areas (Lv et  al., 
2015), at the root tip where cell wall lignification is absent (Schwab et al., 2016; 
Avellan et al., 2017; Geisler-Lee et al., 2013), or through the cell wall of epidermis 
cells and root hair (Peng et al., 2018; Navarro et al., 2012).

Uptake of pristine NPs and/or their transformation products (i.e., ionic metal 
species) through the plant/root interface has thus been demonstrated multiple times. 
However, while research has highlighted some of the drivers for these mechanisms, 
the complex biological, environmental, and physical–chemical interplays that mod-
ulate NP uptakes are far from being predictable.

Fig. 2 Main barriers and bottlenecks for NP behavior at the root surface, their uptake and translo-
cation to the plant vasculature. See Fig. 3 for more details regarding the cell compartments involved 
in apoplastic and symplastic translocation
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2.4  Moving to the Xylem and Translocating above Ground

After entering the roots, NP will be immobilized in the root tissues, or be mobile 
and enter the xylem. Before entering the xylem vessel and being transported to the 
above-ground tissues, NPs will cross several root barriers: the root surface (its cuti-
cle and epidermis as described above), the cortex, the endodermis, and its Casparian 
strip (see Figs. 2 and 3). The Casparian strip of the endodermis is a layer of intersti-
tial cell walls that are sealed by lipophilic lignin and suberin hydrocarbons between 
the cortex and the vasculature. This separation forces solutions to reach the xylem 
through symplastic routes. The endodermis and the Casparian strip should be the 
main bottleneck for NP transport to the shoots, as they present elongated and packed 
cells, with lignified cell walls.

Within the cortex, NPs will either follow an apoplastic or a symplastic pathway 
(Steudle & Peterson, 1998) (Fig. 3). As also described in more detail in the follow-
ing section, the apoplast is the continuum of connected cell membranes and the 
symplast of cytosols connected through plasmodesmata. NPs and their aggregates 
have been observed in the root apoplastic space (Schwab et al., 2016) and symplas-
tic space (Geisler-Lee et al., 2013; Sun et al., 2014; Li et al., 2019). The capacity of 
the NP to be mobile in the apoplast seems to be impacted by the NP surface charge. 
Cell walls present a negative charge, and NPs with positively charged groups at their 
surface have been shown to be less present in the apoplast than negatively charged 
NPs (Avellan et al., 2017; Li et al., 2019). Furthermore, endocytosis seems to be 
more efficient for negatively charged CeO2 NPs (Li et al., 2019). This ease to reach 
the symplast could explain the higher translocation of negatively charged NPs in 
shoots observed in several studies (Spielman-Sun et  al., 2019; Li et  al., 2019; 
Spielman-Sun et al., 2017; Sun et al., 2020).

Numerous studies have shown translocation of NPs of various solubility, from 
the root to the above-ground tissue (leaves/fruits/grains) (Li et al., 2019; Spielman- 
Sun et al., 2017; Sun et al., 2020; Zhang et al., 2012; Ma et al., 2017; Zhao et al., 
2015; Zhu et al., 2012; Wang et al., 2012; Raliya et al., 2015; Karas & McCully, 

Fig. 3 Various pathways the NP can follow to translocate in roots, through the apoplast (extracel-
lular continuum) or the symplast (intracellular continuum). The Casparian strip in the endodermis 
cell walls limits the translocation through the apoplast. (n. nucleus)
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1973; Li et al., 2020). This translocation is size-dependent, as shown for Au in pop-
lar trees (Zhai et  al., 2014) or CeO2 in cucumber plants (Zhang et  al., 2011). 
Investigations have shown the enrichment of smaller TiO2 NPs (<50 nm) in the roots 
and stem in comparison to the one present in the rhizosphere of wild plants growing 
in polluted soils (Belhaj Abdallah et al., 2020). It remains challenging to predict NP 
uptake based on their size. First, the lack of robust protocols makes it challenging to 
quantitatively measure the size distribution of NPs that had translocated in planta, 
even though tools are being developed (Laughton et al., 2020). Second, not only the 
NP size will play a role in NP translocation, but, as discussed above, the NP surface 
properties will also play a major role. For instance, NPs of similar size but various 
charges exposed to plants with contrasting anatomy not only showed various trans-
location factors but also varying distribution in the leaf tissues they reached, accu-
mulating in different compartments of the leaf veins and/or mesophyll (Spielman-Sun 
et al., 2019). Lastly, the size cutoff for NP uptake will likely vary depending on the 
plant internal morphology characteristics.

The endodermis and its Casparian strip (see Figs. 2 and 3) should strongly limit 
the translocation of micro-sized objects. However, recent work with microplastic 
has shown their uptake by wheat and lettuce roots and transportation to the shoots. 
The authors have shown a “crack-entry” mode, where the microplastic could enter 
the roots at sites of lateral root emergence and be transported through the apoplast 
(Li et al., 2020). Similarly, NPs could avoid the Casparian strip and the endodermis 
through the root apoplast on the root tip region, where it has not been formed yet, or 
at lateral root junction, where it can be disconnected. As the route of uptake and the 
pathways of translocation are still not fully elucidated, the size exclusion limit for 
NP uptake remains unclear.

As of now, investigation of the mechanisms for NP uptake, translocation, and 
transport have shown the occurrence of events, often studied in regard to the NP 
physical–chemical properties. Research is lacking as to understanding how these 
occur. While studies have demonstrated how given NP properties can influence the 
interaction with plant structures and their motilities, the influence of the plant mor-
phology and physiology is largely unraveled. Furthermore, as discussed in more 
detail below, in planta transformations of NP have been reported, but the under-
standing of the underlying mechanisms remains limited. Multi-stressor, collabora-
tive, and integrated studies are still needed to better comprehend NP fate in planta. 
Finally, this knowledge is critical to improving NP bioavailability when applied on 
soil to optimize and decrease the needed NP doses in order to guarantee their viabil-
ity for agricultural purposes. Indeed, based on the current application rates, the eco-
nomic and resource costs of most NPs applied through the soil remain very high for 
viable field applications in comparison to conventional practices (Hofmann et al., 
2020). As of now, it remains unclear if root delivery will be widely adopted for high- 
cost NPs designed for targeted delivery to other plant compartments. Root applica-
tion may still become an effective method for nano-sized fertilizer formulations that 
require delivery to the soil/root environment, but more work is needed to make this 
achievable through NP tuning for higher bioavailability in the soil–rhizosphere–rhi-
zoplane–plant continuum.
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3  The Phylloplane

3.1  Above-Ground Application Strategies

Recent life-cycle analysis concluded that given the current embodied resources 
needed to synthesize practical NPs, targeted applications such as foliar treatments 
offer, to date, the best opportunity for crop over soil applications (Gilbertson et al., 
2020). Indeed, foliar treatments present the advantage of being directly applied to 
the desired target and are not dependent on soil biogeochemistry. Foliar application 
and trunk injection are two methods for above-ground introduction compounds in 
plants. Trunk injection (including its multiple variations such as branch and root 
feeding) can be an effective way to deliver NPs to plants by directly introducing 
them into the vasculature, bypassing biological barriers, when compared with other 
methods (Su et al., 2020; Fischer et al., 2019). However, high particle count around 
the injecting point and high ionic strength in the sap can lead to NP aggregation to 
a certain extent, which can impact their transport, particularly of more reactive NPs. 
Furthermore, risks of damaging the plants through wounds are non-negligible. 
Injection/feeding methods also need relatively robust plant structures (e.g., thick 
trunk or sturdy branches), making them more suitable for perennial crops, such as 
trees and vines, or high-value crops such as berries. Leaf spraying (Prasad et al., 
2012) and suspension dipping (Shen et al., 2020; Borgatta et al., 2018; Ma et al., 
2020) seem more appropriate for crops planted as seedlings such as vegetables and 
herbaceous fruits crops.

Foliar application is an interesting delivery method when it comes to 
micronutrient- based metal NPs (Liu & Lal, 2015) and functional NPs (Wu et al., 
2017). Also, its relatively easy to apply on a large scale makes it an attractive method 
for field applications. It has been demonstrated that material attachment to the leaf 
surface and their uptake can be tuned through, for example, NP size and coating 
(Kah et al., 2019b; Avellan et al., 2019) or specific catechol-based modifications for 
improved adhesiveness (Liang et al., 2018; Jia et al., 2014). The main issues for 
bioavailability/uptake are environmental factors such as rain or wind that can pro-
mote material run-off and the inherent biological barriers of the leaf as 
described below.

3.2  Leaf Barriers

The cuticle, epidermis, hydathodes, trichomes, and stomata are structures in leaves 
that can influence nanoparticle adhesion and uptake to the leaves. The cuticle is a 
hydrophobic layer, covering the aerial epidermis of all terrestrial plants (Fig. 4). 
Functionally, the cuticle helps prevent moisture loss and generally serves as a bar-
rier between the leaf’s internal structures and environmental stresses like tempera-
ture and ultraviolet radiation (Yeats & Rose, 2013). The epidermis is the outermost 
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layer of the leaf cell structure and serves as a protective barrier and interface for gas, 
water, and nutrient exchange (Javelle et al., 2011). In order to fulfill these two com-
plex, and often competing, tasks, the epidermis can develop into more specialized 
cell types such as stomata and trichomes (Javelle et al., 2011). Stomata are pores on 
leaf and stem surfaces that regulate the exchange of gases, mainly water vapor and 
carbon dioxide, between the leaf and atmosphere (Hetherington & Woodward, 
2003). Stomata have larger size exclusion limits than the cuticle, and their guard 
cells’ cell walls have mechanisms that allow them to expand their pore sizes to 
larger than 20 nm, further facilitating hydrophilic nanoparticle uptake via the sto-
mata (Eichert & Goldbach, 2008). Stomata density and aperture can vary in response 
to environmental factors like temperature, light intensity, and carbon dioxide con-
centrations (Hetherington & Woodward, 2003). Trichomes also play a role in leaf 
secretion, primarily serving to protect the plant from herbivorous insects, ultraviolet 
radiation, excessive transpiration, and freezing (Hülskamp, 2004; Mauricio & 
Rausher, 1997). Hydathodes allow for guttation or the release of apoplastic fluid 
from intercellular spaces to the outer leaf (Cerutti et al., 2019). Guttation occurs to 
prevent harmful water and xylem sap accumulation in the leaf during periods of low 
transpiration (Cerutti et al., 2019).

Fig. 4 Leaf cross section displaying key uptake and translocation pathways
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Drop deposition of nanoparticle solutions is mostly used to study nanoparticle–
leaf interactions because this simulates nanoparticle spraying, which has the broad-
est agronomic potential. Before discussing nanoparticle uptake, adherence to the 
leaf surface must first be addressed. In general, smaller NPs have been found to 
adhere more to the leaf surface after the surface is washed (Avellan et al., 2019). 
Amphiphilic NPs also have a greater adherence than hydrophilic NPs, likely due to 
the hydrophobic interactions between the amphiphilic particle and the lipophilic 
cuticle (Avellan et al., 2019). Furthermore, protein coatings have also been shown 
to target leaf stomata and trichomes, as demonstrated by Spielman-Sun et al. (2020) 
with the LM6-M protein antibody used to target gold NPs due to its affinity for 
α-1,5-arabinan, a chemical moiety found in stomata guard cells (Spielman-Sun 
et al., 2020).

3.3  Entering the Leaf and Interacting with Mesophyll Cells

Nano–bio interactions at the leaf surface will influence nanoparticle uptake, trans-
location, and potential for aggregation within plant tissues. The above-cited leaf 
structures all represent a surface of deposition and a possible path of entrance into 
the leaves. Though articles have observed the association of metals or NPs with 
trichomes’ head and base after leaf deposition (Avellan et al., 2019; Spielman-Sun 
et al., 2020; Li et al., 2018), it is unclear if it could be a pathway of uptake. Studies 
that specifically looked at trichomes’ density impact on ZnO NP uptake in soybean 
and tomato leaves found that trichomes did not impact NP absorption (Li et  al., 
2018). Regarding hydathodes, description has been done of NP accumulation in the 
hydathode apertures (Hong et al., 2016; Bombo et al., 2019), but the role of these 
structures on NP uptake is yet to be demonstrated.

There are two highlighted pathways for NPs to enter the leaf mesophyll: cuticle 
penetration and stomata infiltration (Fig. 4). Historically, and because it is the struc-
ture that can be observed the most easily, stomatal pathway is the route that has been 
investigated the most. Numerous studies have shown the colocalization of NPs with 
guard cells and/or the accumulation of NPs in the stomatal cavity (Avellan et al., 
2019; Bombo et al., 2019; Eichert et al., 2008; Schreck et al., 2012; Larue et al., 
2014a; Xiong et al., 2017; Kwak et al., 2017; Zhang et al., 2020). Demonstration of 
cuticle penetration has also been done, but mechanisms remain unclear. Studies 
have hypothesized cuticle penetration through (small, <2  nm) hydrophilic pores 
(Eichert et al., 2008), cuticle disruption and/or pore formation (Zhang et al., 2020), 
and direct crossing and/or crossing through the joints of the cuticular tissues 
(Avellan et al., 2019). The later mechanisms could explain the observed NP accu-
mulation in the anticlinal wall of the epidermis cells on an area devoid of stomata 
(Avellan et al., 2019; Zhang et al., 2020; Nadiminti et al., 2013), and one or the 
other routes might be followed depending on the plant leaf morphology and the NP 
properties, as described below.
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Factors such as leaf anatomy and NP surface properties have been shown to have 
a significant impact on nanoparticle uptake. For example, monocotyledon plants 
such as maize (Zea mays L.) have been shown to take up hydrophilic NPs mainly 
through the stomatal pathway, while dicotyledons plants like cotton (Gossypium 
hirsutum L.), that present less hydrophobic cuticles, could take them up through 
both stomatal and cuticular pathways (Zhang et al., 2020; Hu et al., 2020). ZnO NPs 
(15–40 nm) have been observed entering the leaf through the stomata, cuticle, and 
hydathode (Singh et al., 2018). Silica NPs (50 nm) in A. thaliana were found to only 
penetrate the leaf through the stomata and distribute within the large extracellular 
air spaces of the spongy mesophyll without penetrating the cell walls (El-shetehy 
et al., 2020). Slightly hydrophobic coating (PVP) was found to enhance NP penetra-
tion through wheat (Triticum aestivum) cuticle, compared to a more hydrophilic 
citrate coating (Avellan et al., 2019). Surfactants that can decrease water surface 
tension and/or dissolve the leaf cuticle also promote nanoparticle penetration 
through leaf surface (Zhang et al., 2020; Hu et al., 2020). The route uptake of NPs 
through the leaf seems to be influenced by morphological, physiological, environ-
mental, and physical–chemical factors. The cuticle uptake pathway is still over-
looked. However, the role of the cuticle, being the largest surface at the leaf surface, 
should be studied further to understand the parameters influencing cuticular adhe-
sion and uptake of NPs for more efficient designs for agriculture.

After getting through the leaf surface, NPs will enter the mesophyll. There, NPs 
can interact with mesophyll cells differently, depending on their size, charge, and 
coating chemistry (Lew et al., 2018). Some NP will then be mobile in the meso-
phyll, where they will move through apoplastic and/or symplastic pathways. In apo-
plastic transport, NPs move through the apoplast, a highly flexible continuum of 
extracellular matrix consisting of a cellulose/hemicellulose network, pectin (poly-
saccharide) and proteins, filled with apoplast fluid and air (O’Leary et al., 2016). NP 
size is likely to impact their mobility potential within the apoplast due to the rela-
tively reduced pore size of the cellulose/hemicellulose networks, which is estimated 
to be in the 5–20 nm range, although some flexibility is expected. Surface charge 
may play a crucial role in NP mobility as the cell walls are mainly negatively 
charged due to free carboxyl groups from the pectin, so the movement of positively 
charged NPs is expected to be limited. While studies on the effects of NP surface 
charge are scarce, a recent study found that positively charged NPs accumulate sig-
nificantly more in the extracellular spaces of dicots compared to negatively charged 
NPs (Hu et  al., 2020). Extensive studies involving ionic species, however, have 
shown that cations substantially accumulated in the apoplastic space, which sup-
ports the hypothesis that indeed positively charged NPs may have difficulties trans-
locating through the apoplast.

For symplastic transport, NPs must first be internalized from the apoplast into 
the cell cytosol. Direct passive diffusion through the phospholipid bilayer and active 
transport through endocytosis are two mechanisms proposed for nanoparticle uptake 
through the cell membrane. Surface charge seems to be the main determinant on 
which type of active transport is induced (clathrin-dependent or -independent path-
ways) (Onelli et al., 2008), as protoplasts have been shown to internalize particles 
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up to 1 μm in size, leading to distinct mechanisms of the NP management by the 
cell, e.g., internalization, degradation, or recycling pathways. Positively charged 
AuNPs were delivered to tubular vesicles and vacuoles, while negatively charged 
AuNPs were transported to inner vesicles (Onelli et al., 2008). Understanding the 
parameters influencing the movement of NPs through one or the other pathway is 
still needed to predict NP mobility in the mesophyll association with cell organelles, 
NP bioavailability, and phloem loading, allowing larger distance translocation to 
other sinks.

Nanoparticle physicochemical properties such as hydrophobicity, shape, size, 
and surface charge have been shown to influence passive diffusion. Models are 
attempting to describe the passive crossing of lipid membranes. This could help 
predict the ease for NPs to cross the protoplast membrane (mainly made of phos-
pholipids) and enter the symplast and further the chloroplast membrane (mainly 
made of glycerolipids), thus potentially modifying photosynthesis processes (Wu 
et al., 2017). This passive lipid membrane crossing seems driven by the density of 
nanoparticle charges, as proposed by the lipid exchange envelope penetration 
(LEEP) model (Lew et al., 2018). When interacting with the membranes, NPs can 
induce a drop of the transmembrane potential across the lipid layers. This creates a 
driving force between the lipid bilayer and the NPs, softening the lipid bilayer and 
allowing the NP to cross it (Lew et al., 2018). This process has been experimentally 
investigated to quantify the charge and zeta potential leading to sufficient charge 
density for this phenomenon to take place. NPs with high net zeta potential and 
small sizes can thus enter into plant protoplasts and further chloroplasts if the zeta 
potential remains high enough after crossing the first lipid layer (Lew et al., 2018; 
Wong et al., 2016). More studies are needed to validate this model in planta and 
across a higher number of NP core composition, shape, and surface properties.

As NPs internalize into the cytosol, they can also be directed toward specific cell 
types or organelles. This targeted delivery can be mediated by modulating NPs’ 
surface charge and size. NPs with a hydrodynamic size of 6–18 nm showed above- 
average colocalization to leaf guard cells in both monocots and dicots when com-
pared to larger hydrodynamic sizes, while NPs smaller than 6 nm and 12 nm, in 
monocots and dicots, respectively, showed above-average delivery to chloroplasts 
in the mesophyll (Hu et al., 2020). A positive surface charge resulted in a signifi-
cantly higher association with chloroplasts in both monocots and dicots (Hu et al., 
2020), though high zeta potentials, either positive or negative, have shown to favor 
adsorption and uptake to the chloroplast (Wu et  al., 2017; Spielman-Sun et  al., 
2020; Hu et al., 2020). This could be explained by the LEEP model described above, 
where higher net charge densities could allow for crossing several lipid bilayers, 
thus entering the protoplast and furthering the chloroplast. Finally, nanoparticle sur-
face functionalization with targeting molecules also affects their affinity for cell 
organelles. The oligonucleotide of single-stranded DNA with the sequence (AT)15 
functionalized single-walled carbon nanotubes (SWNTs) and chitosan-SWNTs can 
assemble with the chloroplast lipid bilayer, while PVA or lipid functionalized 
SWNTs do not associate with plant chloroplast (Giraldo et  al., 2014; Wu et  al., 
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2020). Quantum dots (QDs) functionalized with Rubisco small subunit (RbcS) tar-
geting peptide doubled QD colocalization with chloroplast compared to unfunction-
alized QD (Santana et  al., 2020). These studies underline the complexity of 
nanoparticle affinity to specific plant organelles, relying on an interplay between 
multiple factors (size, charge density, surface chemistry, and plant anatomy/species) 
and not an individual nanoparticle physicochemical property (Lew et  al., 2018; 
Wong et al., 2016; Ma et al., 2010).

Once internalized into the symplast, the NPs that did not associate with the 
organelles can move intercellularly through the plasmodesmata (Zhai et al., 2014). 
Discussion on the size exclusion limit (SEL) of these channels is still ongoing, and 
the reader is directed to a recent review that details their structure and multiple stud-
ies reporting on factors affecting both SEL and NP mobility on plasmodesmata 
(Schwab et al., 2016). Current understanding thus leans toward a more fluid and 
dynamic model as opposed to a rigid one, underlining the flexibility of the SEL for 
NP mobility in these channels. For instance, 15-nm AuNP (Zhai et al., 2014), 20-nm 
AgNP (Ma et  al., 2010), and TiO2 (Larue et  al., 2012) have been shown to transport 
between plant cells through plasmodesmata, which is larger than the basal SEL 
(5–10 nm) (Lucas & Lee, 2004). As metal-based NPs cannot undergo conforma-
tional changes, it is suggested that dilation by NPs or even NP-induced structural 
changes to the plasmodesmata (Larue et al., 2012) allow NPs to cross the plasmo-
desmata. Thus, tuning the NPs’ size and surface properties should allow for specific 
targeting (apoplast, symplast, organelles) and mobility to freely reach the phloem or 
accumulate in the leaf mesophyll.

3.4  Reaching and Loading the Phloem

The pathway of nanoparticle phloem loading after foliar application remains 
unclear, in part, due to limited axial resolution of current imaging techniques that 
prevents imaging of the space between leaf surface and phloem vasculature. An 
imaging approach with better axial resolution and high sensitivity for nanoparticle 
elements is needed to resolve the nanoparticle phloem loading pathway, e.g., 
synchrotron- based nano-XRF. There is a general agreement that water, nutrients, 
and nonessential metal complexes preferentially translocate through the apoplast, 
particularly due to its nonselective nature, as opposed to the symplastic route, as 
described above (Fig. 3). Reduced size limitations (<36–50 nm) may favor symplas-
tic transport (Raliya et al., 2016). However, to date, no definitive preference between 
apoplastic or symplastic transport for nanoparticle mobility is known. It is impor-
tant to emphasize that several studies did show the translocation of metal from foli-
arly deposited NP into other developing plant tissue, indirectly demonstrating that 
phloem loading occurs (Avellan et al., 2019). Nevertheless, regardless of the meso-
phyll translocation pathway, in order to reach the phloem, NPs need to enter the 
phloem cells before systemic transport (Jensen et al., 2016). Plant phloem is respon-
sible for delivering photosynthetic products, including sugar and amino acids from 
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photosynthetic machineries (mature leaves) to sugar sinks like root, younger shoots, 
or fruits (Jensen et al., 2016). Since phloem sap generally flows out of leaves, sys-
temic transport of foliar-applied NPs in plants is normally considered to be through 
phloem loading and transport (Avellan et al., 2019; Zhang et al., 2020). However, 
the possible nanoparticle phloem loading process is still not understood. No study 
so far has reported the interactions between NPs and phloem cells. The plant pro-
cesses for sugar phloem loading have been well studied, and the transport mecha-
nism of sugar generally involved three strategies that could potentially enable NPs 
loading (Jensen et al., 2016). Specifically, these three strategies for sugar phloem 
loading are apoplasmic loading (active apoplasmic), polymer trapping (active sym-
plasmic), and diffusion (passive symplastic) (Jensen et al., 2016). In the apoplasmic 
loading, sugar is taken up into phloem by a sucrose transporter protein, which is 
fueled by the activity of the plant proton pump that hydrolyzes adenosine triphos-
phate (ATP) (Kühn et al., 1997). In plants that load their phloem through polymer 
trapping, small sugar molecules like sucrose flow into phloem companion cells 
through plasmodesmata and are subsequently converted into larger sugars such as 
raffinose, stachyose, and verbascose (Jensen et al., 2016). The larger sugar can then 
move into the phloem sieve element via the plasmodesmata-sieve pore contact. In 
passive symplasmic loading, sugar diffuses from mesophyll into the sieve elements 
through plasmodesmata in the companion cell wall (Turgeon & Gowan, 1990). 
Passive loading requires a sugar concentration gradient between phloem and meso-
phyll, with no sugar accumulation in phloem (Jensen et al., 2016). NPs loaded into 
phloem will thus first need to pass through plasmodesmata, which have a size cutoff 
that requires NPs to be smaller than a certain size, in the nanometer range (Zhai 
et al., 2014). This size cutoff is, however, in contradiction with studies that detected 
larger NP translocation from exposed leaves to downward compartments, as 
described below. Future studies are needed to better understand the nanoparticle 
phloem loading process and the major mechanism associated.

4  In Planta Translocation and Transport

Nanoparticle fate and transport within the plant is a key issue of concern, especially 
when considering the agronomic application of NPs on edible plants intended for 
animal or human consumption. Several studies looked at the species preferentially 
taken up, salt, chelated ions, or nanoparticles, and the transformation resulting from 
the uptake and the translocation. Doolette et al. (2020) studied zinc oxide NP trans-
location in comparison to traditional zinc formulation (ZnEDTA) in wheat after 
foliar application. It was found that zinc oxide NPs were translocated less to new 
plant tissues and grains than ZnEDTA in zinc-stressed growth conditions (Doolette 
et al., 2020). They also observed that a foliar application concentration of 75 mg 
Zn/L versus 7.5 and 750 mg Zn/L had the highest rate of translocation, likely due to 
zinc toxicity at high concentrations and insufficient application amount at small 
concentrations (Doolette et  al., 2020). The differential uptake between salts, 
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chelated species, and NPs will likely be influenced by the plant species (and its leaf 
surface properties) and the type of metal involved.

Publications have highlighted the transport of the metal taken up from NPs 
deposited on leaves to nonexposed plant compartments, as in the following:

• Flowers: from cucumbers leaves dosed with CeO2 (Hong et al., 2014).
• Fruits: from cucumbers dosed with CeO2 (Hong et al., 2016).
• Seeds: from rice leaves exposed to Se (Hussain et al., 2020).
• Nonexposed shoots: from rice leaves exposed to Fe2O3 (Hussain et al., 2020), different 

trees to Ag (Su et al., 2020; Cocozza et al., 2019), wheat to Au (Avellan et al., 
2019), tomato to TiO2 (Raliya et  al., 2015) or ZnO (Raliya et  al., 2015), basil to 
Cu(OH)2 (Tan et al., 2018).

• Roots: from TiO2 deposited on tomato (Raliya et al., 2015) or maize leaves (Lian 
et al., 2020), ZnO on tomato (Raliya et al., 2015), Au on wheat (Avellan et al., 
2019) or watermelon (Raliya et al., 2016), and CeO2 on cucumber (Hong et al., 
2016; Hong et al., 2014), but also Ag injected into citrus trees (Su et al., 2020).

• Rhizosphere soil of lettuce foliarly exposed to Cu(OH)2 (Zhao et  al., 2016) and of 
wheat to Au (Avellan et al., 2019).

These publications tracking metal movement after foliar exposure remain scarce. 
The exudation in the rhizosphere is even more rarely investigated. However, this 
approach could represent a way of delivering nutrients or pesticides directly to plant 
roots and their surrounding soil, increasing efficiency over nontargeted methods 
like soil drenching.

Furthermore, investigation of whether the metal deposited on leaves and translo-
cated in different plant compartments as the original NP or a transformed species 
(i.e., dissolved and/or re-precipitated metal species) is rarely reported. 
Biotransformation of engineered NPs such as SiO2, TiO2, Zn/ZnO, Fe/FeOx, Cu/
CuO/Cu(OH)2, CeO2 in plants has been studied in the last decade (Spielman-Sun 
et al., 2017; Lv et al., 2019). The majority of these studies have focused on root 
uptake and subsequent transportation and transformation of NPs in planta 
(Spielman-Sun et al., 2018; Lv et al., 2019). The relatively labile metal/metal oxide 
NPs can undergo dissolution, uptake, and (re)precipitation in plants after being 
taken up. CeO2 and ZnO NPs were reported to attach to plant root surface, dissolve 
by root exudates like organic acids, enter plant root in ion form, and re-precipitate 
in plants as metal phosphate or carboxylate (Lv et al., 2015; Zhang et al., 2012). 
Some metals also undergo changes in valence state after being taken up and trans-
ported through plant roots (Spielman-Sun et al., 2019; Spielman-Sun et al., 2017). 
Reports on NP transformation after leaf uptake remain scarce, but we can speculate 
about the potential transformations that may occur according to the chemical com-
position of plant micro-environments where NPs could go through after foliar 
uptake, including plant apoplast, cytosol, phloem, and xylem. Some articles have 
hypothesized the formation of a protein corona as a facilitation of NP transport from 
the leaves to the root through the phloem (Avellan et al., 2019). Some authors did 
measure an organic coating around internalized TiO2 after foliar exposure (Larue 
et al., 2014b). The formation of a protein corona on NPs that enter plants remains a 
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significant knowledge gap that must be addressed to be able to understand, predict, 
and tune the translocation of NPs in plants.

After getting through the plant root or leaves surface (cuticle and epidermis) and 
being taken up by plant leaves, NPs can be present in either apoplast or symplast 
continuums, depending on their size and charge (Hu et al., 2020; Lew et al., 2018). 
The plant apoplast and protoplast both contain sugar, cations (Mg2+, Na+, K+, Ca2+, 
etc.), anions (Cl−, PO4

3−, etc.), amino acids, and proteins. The pH in cytosols is 
normally neutral or slightly basic (pH ~ 7–7.5), while the pH in apoplast can be 
slightly acidic (pH ~ 5–6) (Zhang et al., 2020; O’Leary et al., 2016). Metal oxide 
NPs can dissolve under acidic pH (Dahle et al., 2015; Zhang et al., 2010); therefore, 
NPs that are present in apoplast are more likely to dissolve than particles in proto-
plast. After entering the plant’s main vasculatures, NPs can be transported between 
phloem and xylem. The pH in plant xylem and phloem is also vastly different. pH 
in xylem is below 6.0 under normal conditions (Wilkinson et al., 1998; Gollan et al., 
1992), while the pH in phloem is above 7.0 (Zhang et al., 2020; Jensen et al., 2016). 
Therefore, the pH condition in xylem could promote nanoparticle dissolution and 
transformation, while NPs could be relatively stable in phloem given the slightly 
basic pH conditions at the phloem sap. Other than pH, the major amino acids in 
phloem such as glutamine and glutamates could also act as ligands that potentially 
react with NPs (Turgeon & Gowan, 1990; Winter et al., 1992). Nanoparticle trans-
formation post foliar applications has not been well studied, and in situ nanoparticle 
characterization is needed for the future studies to resolve nanoparticle transforma-
tion while being delivered in plants.

5  Conclusion and Future Perspectives

This chapter summarizes the current knowledge regarding the processes, chemical 
or bio-transformations, and biological barriers that affect the uptake, transport, and 
bioavailability of inorganic nanoparticles at the soil–plant–atmosphere interfaces. 
Uptake of nanoparticles at the soil–plant interface is heavily influenced by soil type 
and properties, encompassing not only the bulk soil environment, but also the bio-
geochemical conditions created by plant exudates and microbial activity in the rhi-
zosphere. Studies looking into NP root uptake often utilize simpler matrix systems 
to study NP uptake (hydroponic systems, sand, gels), which partially disregard the 
complexity of NP transformation processes in soil. Although this provides valuable 
insight into how specific physical–chemical properties such as surface charge, size, 
or shape influence NP root uptake, it does not take into account the highly complex 
and dynamic nature of the reactions and interactions of NPs at the soil–root inter-
face that can eventually alter their properties and result in NP entrapment or root 
adsorption. Studies have demonstrated the potential to target specific plant organs 
by tuning NP physical–chemical properties. However, the interplays between the 
ecto- and endo-rhizosphere microbiome, the plant responses, and the NPs’ fate in 
planta remain overlooked. While translocation of NPs inside the plant seems to be 

A. Avellan et al.

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735



modulated by plant morphology and physiology, future studies on the matter, as 
well as in planta transformations, are required to further understand the fate of NP 
upon root uptake. Finally, additional work is needed to either increase NPs’ efficacy, 
reduce their cost, or improve strategies for them to reach the root target. As of now, 
the use of NPs for targeted plant delivery of fertilizers in soil seems to remain eco-
nomically unviable for field applications when competing with current conventional 
fertilization methods (Gilbertson et al., 2020). By contrast, foliar application and 
seed coating with NPs seem viable strategies to deliver genetic material, micronu-
trients, or AIs for plant protection, which could be a significant improvement for 
more sustainable agricultural practices over conventional alternatives (Hofmann 
et al., 2020; Gilbertson et al., 2020).

Research regarding foliar-applied NPs is more recent. In this case, application is 
performed directly to the plant, and NPs are not under the effects of exogenous fac-
tors such as soil processes and conditions (root application). It thus presents a higher 
potential regarding improvement of NPs’ bioavailability. Indeed, NP foliar applica-
tion can achieve significantly improved results compared to their conventional ana-
logs, at competitive resource consumption and costs. This makes foliar application 
a good candidate for targeted delivery of NPs to specific plant compartments or 
organelles in view of efficiently augmenting specific plant physiological processes. 
However, room for improvement is vast, and, similarly to NP root uptake, there are 
several key research questions that remain unanswered. Significant progress is 
being made on the establishing mechanisms underlying leaf NP uptake and translo-
cation to the phloem. For example, it has been demonstrated that uptake can occur 
through the leaf cuticle as opposed to exclusively by stomata infiltration. NP affinity 
and adherence to leaf surfaces are beginning to be established in the literature with 
factors such as NP size, amphiphilicity, and charge that appear to be critical factors 
for NPs’ leaf adhesion. However, the interplays between NP properties, environ-
mental pressures, plant morphology, and physiology remain overlooked. 
Furthermore, most of the studies have been focusing on crop plants, while research 
on nano-enabled fertilization and protection on trees remains scarce.

The fate of NPs in planta after their leaf or root uptake remains poorly under-
stood. While demonstration has been done that both apoplastic and symplastic 
transport could take place, the factors influencing one or the other routes are 
unknowns. While active works start to unravel the NP properties allowing to cross 
lipid layers of various composition, our understanding of the capacity of NPs to 
cross cell walls or to move through (rather small) plasmodesmata is still poor. 
Finally, while in planta transformation has been demonstrated, the mechanisms 
associated remain unknown. Finally, while organic coating (bio- and eco-corona) 
had been hypothesized to impact NP mobility and transport, this has been, to our 
knowledge, barely addressed.

Not only it is necessary to understand the multiple nano–bio interactions and 
mechanisms of NP uptake and in planta events, but there is also a need for quantifi-
able, comparable dataset to be built, considering NP properties, plant morphology, 
and physiological responses, so that accurate models can be drawn. As of now, it 
remains nonpossible to predict the fate of NPs in contact with various plant species 
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and interfaces. There is also an urgent need for data and scaling-up experimentation 
in field conditions to assess the efficiency of not only different types of NPs but also 
of these methods (foliar vs. root) under a wide variety of scenarios. Integrated and 
comparative studies, across multiple plant species, will be required to better com-
prehend the effects of NP application in terms of bioavailability and impacts regard-
ing crop yields, nutritious value, and soil biodiversity and health, while undergoing 
biotic and abiotic stresses. These will help determine which type of method and NP 
(or NP combinations) is better suited to deal with specific issues. Collaboration is 
an important aspect to integrate into these studies. Several levels of knowledge are 
required, from the soil geochemistry to the plant–microbiological relationships; the 
molecular and physiological plant processes and the environmental and climatic 
stresses, along with the associated risks, will be required for a complete analysis and 
corroboration of the efficiency, safety, and viability of NP usage in agriculture.
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