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ABSTRACT: Climate change and population growth are straining
agricultural output. To counter these changes and meet the
growing demand for food and energy, the monitoring and
engineering of crops are becoming increasingly necessary.
Nanoparticle-based sensors have emerged in recent years as new
tools to advance agricultural practices. As these nanoparticle-based
sensors enter and travel through the complex biofluids within
plants, biomolecules including proteins, metabolites, lipids, and
carbohydrates adsorb onto the nanoparticle surfaces, forming a
coating known as the “bio-corona”. Understanding these nano-
particle−biomolecule interactions that govern nanosensor function
in plants will be essential to successfully develop and translate
nanoparticle-based sensors into broader agricultural practice.
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As changing climates and population growth increasingly
place pressure on agricultural production, the monitoring

and engineering of crops are becoming essential to meet the
rising demand for food and energy.1−3 To maximize the
efficient use of limited resources, crops can be remotely
monitored using sensors to adjust plant management strategies
rapidly, minimizing losses and maximizing yields.1 In
particular, innovations in nanotechnology have advanced the
collection of agricultural metrics such as nutrient levels,
pathogen infection, and pesticide accumulation in plants.4

Nanoparticle-based sensors have garnered much interest in
agricultural applications in recent years, as reviewed else-
where.1,5,6 The unique physical and chemical properties of
nanoparticles have been leveraged to design sensing platforms
that are highly portable, rapid, sensitive, and amenable to high-
throughput measurements.7

The application of nanosensors and, more broadly, of
nanotechnologies in plants presents distinct obstacles that
must be taken into consideration during the design phase, as
the unique plant environment could drastically alter the
intended nanoparticle function. Biological barriers like the
waxy leaf cuticle challenge nanoparticle uptake,8 while the
varying biochemical compositions in plant tissues alter
nanoparticle functionality.9 When nanoparticles enter and
traverse complex biological milieus in plants, biomolecules
including proteins, metabolites, lipids, and carbohydrates
adsorb onto the nanoparticle surfaces, forming a coating
known as the “bio-corona”.9−11 As such, one major bottleneck
for the seamless translation of nanosensors from in vitro

validation to in planta use is in the spontaneous and as-of-yet
unpredictable adsorption of biomolecules on nanosensor
surfaces that attenuates their intended function (Figure 1).
For the practical translation of nanotechnologies to plants, it is
imperative that we understand the interactions between the
nanoparticles and the biomolecules they encounter during in-
plant transport.

1. NANOPARTICLE-BASED SENSORS FOR
AGRICULTURAL INNOVATIONS AND HOW TO
SUCCESSFULLY TRANSLATE THESE
TECHNOLOGIES FOR IN PLANTA USE

Sensing systems for precision agriculture have been developed
to monitor water content, soil conditions, and crop health.
These sensors monitor soil moisture, temperature, and nutrient
levels,12−15 providing key information for crop management.
Sensors for pesticides, herbicides, and insecticides in the soil or
water have also been developed16−19 and are useful for
improving yields and supporting food and water safety.20

Directly sensing plant health signals through wearable
electronic devices and embedded sensors has more recently
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emerged as an exciting strategy to monitor crops.6,21,22 These
sensing systems vary widely in sensing mode, from electro-
chemical sensors that translate chemical reactions into
measured voltages, to optical sensors that measure changes
in fluorescence emission for analyte quantification.
Most plant and crop sensors enable precise measurements

but rely on tissue-destructive techniques that involve field- or
lab-based protocols, limiting these measurements to distinct
time points. We highlight a specific class of engineered
nanoparticle-based sensors (<100 nm in their smallest
dimension), termed “nanosensors”, that can enable continuous
in planta environmental sensing and plant health monitoring in

intact plants. As autosamplers and bioconcentrators of their
surrounding environment,23 plants provide an exciting plat-
form for sensing. Combining nanotechnology with the natural
features of plants facilitates rapid in-field detection that
circumvents expensive and time-intensive laboratory techni-
ques. Continuous gas and fluid exchange between plants and
their environment enables this mode of sensing to be used in a
variety of different contexts, be it probing the soil for specific
analytes or monitoring chemical signals for plant health reports
in agricultural settings. Thus far, nanosensors have been used
for detecting ground soil contaminants and quantifying plant
defense-related biomarkers and signaling molecules (Figure

Figure 1. Biomolecules adsorb on the surface of nanosensors as they travel through complex plant biofluids, altering the intended nanosensor
function and creating a bottleneck for the translation of nanosensors from the laboratory to applications in intact plants.

Figure 2. Nanosensors are used in plants for detecting soil contamination, signaling molecules, and pathogens. Early and rapid communication of
plant stress through sensing innovations has the potential to improve agricultural management, while further development of plant biomarker
sensors can be used to understand the complex signaling pathways within plants.
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2).21,24,25 While genetically encoded plant sensors may confer
similar advantages as nanosensors, they are limited by species-
specific genetic transformations that require large amounts of
time and effort.1 In contrast, engineered nanosensors are
species-independent and thus more easily translated across
plant systems. Although plants have been genetically
engineered as biochemical detectors in the past, the addition
of nanoparticle-based sensors to utilize plants as detectors is
just emerging as a field of study.26,27 As such, the use of
nanosensors in plants is promising for agricultural sustain-
ability, with several recent examples of nanoparticle-based
sensors for plant and crop monitoring outlined in Table 1 and
reviewed in more detail elsewhere.4,12,17,28,29

1.1. Environmental Nanosensors to Sense Ground
Analytes and Detect Plant Pathogens. The monitoring of
groundwater, soil contaminants, and early detection of plant
pathogens are crucial activities in recognizing and addressing
potential threats to human and plant health. By capitalizing on
the innate properties of plants as microfluidic devices that
sample their immediate surroundings, plant-based nanosensors
have been designed for real-time biochemical sensing of soil
contaminants, including explosive nitroaromatics and ar-
senic.23,27 In the former example, peptide-coated single-walled
carbon nanotubes (SWCNTs) were embedded in spinach
leaves to enable near-infrared (and thus plant-tissue trans-
parent) optical detection of nitroaromatic compounds.27 The
nitroaromatic compounds are taken up by the roots and
transported through plant vasculature to the leaves where the
SWCNT sensors reside. Similarly, leaf-embedded SWCNT-
based sensors have been used to detect arsenic in the soil
through root uptake in Spinacia oleracea (spinach), Oryza
sativa (rice), and Pteris cretica (ferns).23 Of note, these
SWCNT-based plant nanosensors provide both a rapid
response in the presence of target analytes and stable
performance over a period of months.1,32

In addition to sampling toxic ground contaminants,
nanosensors can prevent disease spread among crops by
nondestructively detecting the presence of plant pathogens
before symptom onset. Current disease diagnostics for plants
are morphology-based analyses, which occur after the disease
has progressed, or sample-destructive and pathogen-specific
assays such as enzyme-linked immunosorbent assay (ELISA)
and polymerase chain reaction (PCR). Although robotic
imaging platforms are improving detection sensitivity, such
technologies often fail to detect disease before symptom

onset.33 Conversely, nanoparticle-based sensors for pathogen
detection have been demonstrated to function successfully in
planta,5,34 though such nanoparticle-based sensors are more
widely used ex vivo in rapid detection kits. A common class of
nanoparticle-based sensing technologies is lateral flow
immunoassays, whereby pathogens are detected with an
antibody, aptamer, or DNA probe conjugated to a gold,
magnetic, or fluorescent nanoparticle.35 These assays have
been used to detect a variety of plant viruses such as Citrus
tristeza virus from citrus leaves and fruits, Potato virus x, and
the bacterial pathogen of Stewart’s wilt in sweet corn.35−38

These ex vivo sensing strategies enable convenient plant
pathogen detection, yet remain limited to sampling at distinct
time points. Like the ex vivo assay, a combination of antibodies,
aptamers, or DNA probes and nanoparticles could be used to
detect the pathogen in plant tissue. A major barrier toward
translating these nanosensors in planta applications is in
preserving nanosensor function in the biologically complex
milieu of living plants, which would allow continuous and rapid
detection during the early stages of pathogenesis. Moving
forward, advancing early stage disease and pathogen detection
necessitates continuous and real-time sensing capabilities with
the use of in planta compatible nanosensors.

1.2. Biomarker Nanosensors to Monitor Plant Signal-
ing and Health. Sensing biomarkers that are indicative of
plant stress and energy production provide essential insight
into plant signaling and health.24,25 Abiotic stresses such as
droughts and heat as well as biotic stressors like plant
pathogens elicit a defense response.39 Unlike animal systems,
plants have a passive immune system, and plant cells rely
heavily on cell-to-cell signaling to communicate environmental
threats through immunogenic signals that activate plant
defenses.21,40−42 Nanosensors can be used to translate these
plant chemical stress signals to electronic signals for real-time
sensing, which would serve to report crop health and, thus,
diagnose plant environmental stressors to enable appropriate
intervention.1,43 Examples of such plant stress biomarkers
include reactive oxygen species (ROS) and glucose.
Fluorescent SWCNT sensors have been developed to
recognize ROS such as hydrogen peroxide (H2O2), a
biomarker for plant defense produced in response to stress,
and nitric oxide (NO), another key signaling molecule in
plants.24 Specifically, Wu et al. developed a H2O2 sensor based
on SWCNTs functionalized with a DNA aptamer that binds to
hemin (HeAptDNA-SWCNT). Mechanistically, this sensor

Table 1. Nanoparticle-Based Sensing Systems for Agricultural Engineering

system target signal transduction material
limit of
detection ref

In vitro Carbosulfan (pesticide) Electrochemical - voltammetry Zinc oxide (ZnO) nanocuboids modified
platinum (Pt) electrode

0.24 nM 16,17

Soil Atrazine (herbicide) Electrochemical - voltammetry Titanium dioxide (TiO2) nanotubes 0.1 ppt 17,19
On
plant

Light and humidity Wearable optical sensor ZnIn2S4 (ZIS) nanosheets ∼ 4 ms (light
response)

22

Water Malathion (insecticide) Optical - Surface-Enhanced Raman
Spectroscopy (SERS)

Aptamer−polymeric microsphere−gold
nanoparticles (AuNPs)

3.3 μg mL−1 17,18

Water Nitrite Optical - fluorescence Silver nanoclusters 100 nM 30
In vitro DNA sequence of Ganoderma boninense

gene (oil palm pathogen)
Optical - fluorescence Quantum dots (QDs) 3.55 nM 31

In plant Glucose Optical - fluorescence Thioglycolic acid-capped QDs and
boronic acid-conjugated QDs

500 μM 25

In plant H2O2 Optical - fluorescence Single-walled carbon nanotubes
(SWCNTs)

10 μM 32

In plant NO Optical - fluorescence SWCNTs 100 μM 24
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takes advantage of hemin that undergoes a reaction with H2O2,
producing hydroxyl radicals, resulting in SWCNT fluorescence
quenching. By measuring changes in SWCNT fluorescence
emission with a near-infrared camera, these H2O2 nanosensors
enable continuous, real-time monitoring of plant health in
response to UV−B light, high light, and pathogens, but not
plant wounding in Arabidopsis thaliana which likely has H2O2
levels below the limit of detection (Figure 3).24,32 More
recently, a different single-stranded DNA-functionalized
SWCNT H2O2 nanosensor was developed and can sense the
plant response to wounding in several common plant species
including Lactuca sativa (lettuce), Eruca sativa (arugula), and
Spinacia oleracea (spinach).21 SWCNT sensors have also been
used for the detection of NO.24 Similarly, a quantum dot-based
nanosensor has been used to ratiometrically detect glucose.25

As indicators of environmental stressors, these nanosensors for
analytes like glucose and ROS have the potential to improve
crop management through rapid, continuous, and non-
destructive sensing.
The future of health and developmental monitoring in plants

depends on the successful translation of these nanosensors to
practical applications in the field. As these sensors are
implemented in plants for crop management, the sensors will
encounter challenges in less controlled environments: nano-
sensor biofouling is known to attenuate or abate nanosensor
function, and nanosensor transport and bioaccumulation
within the plant or the environment remains unpredictable.
As such, nanoparticle−biomolecule interactions in plants and
agricultural settings will dictate our ability to preserve
nanoparticle function in planta and will need to be evaluated

for environmentally conscious translation of these nano-
technologies from the lab to the field. To these ends,
understanding the phenomenon of biocorona formation on
nanosensors will inform designs with improved sensing
capabilities and biostabilities, increasing the likelihood of
success when these technologies are translated into broader
applications. The process of protein corona formation on
nanoparticle surfaces has been described extensively for
nonplant systems elsewhere;44−46 however, it remains to be
elucidated for plant and agricultural systems.

1.3. Understanding Biocorona Formation to Increase
the Translational Value of Plant Nanosensors. Although
nanosensors have the potential to revolutionize agriculture, the
parameters governing nanosensor performance in planta have
been understudied in plant systems. Successful in vivo
translation of nanosensor technologies requires a more
thorough understanding of the interactions between the
nanosensor and its local plant environment. Despite the
prevalence of protein corona characterization in nanomedicine
toward human health applications, biocorona formation in
plant systems has only received limited acknowledgment and
research.47 Plant-based nanosensors are developed and
implemented without taking into account the inevitable
changes in physicochemical properties as the nanosensor is
progressed from in vitro development to in vivo use. We
propose that more informed plant nanosensor designs can be
developed and predictably translated into practical applica-
tions, guided by fundamental studies of plant nanoparticle
biocoronas.

Figure 3. In planta monitoring of plant health signaling molecules in response to common plant stresses via a SWCNT H2O2 nanosensor. Near-
infrared fluorescence intensity changes of the nanosensor embedded in leaves indicate signs of stress. The nanosensor’s near-infrared fluorescence
emission decreases in the presence of (a) UV−B light, (b) high light, and (c) a pathogen-associated peptide (flg22). (d) Mechanical leaf wounding
did not result in a change in the nanosensor’s near-infrared fluorescence emission, likely due to the relatively lower levels of H2O2 production.
Reprinted with permission from ref 32. Copyright (2020) American Chemical Society.
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The field of nanomedicine has largely motivated the study of
nanoparticle−protein interactions to improve nanoparticle
function in applications including drug delivery, disease
diagnostics, treatment, and prevention.48−52 Nanoparticle-
based sensors have been used to detect metal ions, small
molecules, and proteins including biomarkers for early cancer
and kidney disease.53−55 As nanotechnologies become more
widely used in biological settings, it is increasingly important to
understand and predict nanoparticle function and fate in vivo;
despite the successes of some, many nanomaterials produce
unsatisfactory results or off-target effects during clinical
trials.56−60 This translation of nanomedicines from laboratory
development to clinical practice is limited by our lack of
control over interactions between the nanoparticle and its
surrounding bioenvironment.44,60−63 Although the intrinsic
physicochemical characteristics of the nanoparticle determine
in vitro functionality, the environment around the nanoparticle
in the applied setting, such as blood plasma for intravenous
delivery, will play a dominant role in determining the ultimate
nanoparticle fate and function.
Likewise, to develop a fundamental understanding of

biocorona formation on nanoparticles in plants, the governing
parameters must be considered. Biocorona formation is
determined by the interplay of intrinsic properties of
nanoparticles, including electrostatic charge, hydrophobicity,
and surface structure, and characteristics of the environment
surrounding the nanoparticle, such as biomolecule composi-
tion and solution conditions.64 As nanoparticles are introduced
to a bioenvironment, an inner layer of more tightly bound,
higher-affinity biomolecules forms, referred to as the “hard
corona”, and a rapidly exchanging outer layer of biomolecules,
the “soft corona”, more loosely associates.65−67 This coating of
biomolecules alters the lab-engineered properties of the
nanoparticle, since in many cases, it is this biocorona that
ultimately interacts with the biological environment.11,68,69

Accordingly, these biomolecular interactions can lead to loss of
nanoparticle targeting ability,61 impact nanoparticle uptake in
vivo by influencing membrane adhesion and internalization
pathways,62,69,70 and even eliminate nanoparticle efficacy.64,71

More specifically, nanoparticle−protein interactions often lead
to protein denaturation on the nanoparticle surface and
colloidal aggregation of the complexes.64,72,73 By preemptively
considering this phenomenon, we can reduce biofouling and
preserve nanoparticle functionality in planta.

2. CURRENT STATUS OF PROBING BIOCORONA
FORMATION ON NANOPARTICLES IN PLANTS

Proteomic and metabolomic studies detailing biocorona
composition are necessary to understand the biological identity
that nanoparticles acquire in plants. In turn, knowledge of
biocorona constituents will inform improved sensor design
strategies to reduce biofouling and even tune biocorona
formation to enhance nanosensor localization and function.
These studies are crucial, but, in contrast to animal systems,
the literature on biocorona formation and the corresponding
impact on nanoparticle behavior in plant systems is limited.
2.1. Proteomic and Metabolomic Analyses of Bio-

corona Formation in Plant Biofluids. To-date, plant-based
biocorona formation has been investigated with three types of
nanoparticles: titanium dioxide nanoparticles (TiO2), magnetic
nanoparticles, and gold nanoparticles. These studies have
focused on individual assessments of either the protein or the
metabolite corona in plant biofluids.

In vitro combinations of nanoparticles and specific plant
proteins demonstrate the significance of protein identity in the
resulting biocorona formation, as anticipated from analogous
studies in animal systems.67 Bing et al. studied the effects of
incubating common plant proteins including glutenin, gliadin,
zein, and soy protein with TiO2 nanoparticles and found that
the corona formed in the presence of each protein produced
varied effects on TiO2 surface potential and morphology, with
4−60 nm thickness of the adsorbed protein layers.74

Separately, a recent study probed the evolution of the protein
corona on 16 nm gold nanoparticles in crude protein extracts
and nuclear fractions of Brassica juncea and observed
differences in protein corona components between the two
biofluids, with more than a quarter of the hard corona proteins
in the crude protein fraction involved in energy generation
pathways.75 Given that gold nanoparticles have been shown to
induce a change in Brassica juncea overall growth and seed
yield,76 Prakash and Deswal suggest that the protein corona
could be implicated in system-level effects observed from
nanomaterial−plant interactions.
Although corona formation has system-wide implications,

the phenomenon of biocorona formation can instead be
harnessed for molecularly specific applications. The Smalle
group has pioneered an approach coined “nano-harvesting” in
which nanoparticles preferentially bind and extract catechol-
containing flavonoids from plants. Within this body of work,
Kurepa et al. conducted multiple studies centered around the
metabolite corona formed on TiO2 nanoparticles in
Arabidopsis thaliana, Ocimum sanctum, and Rubia tincto-
rum.77−79 TiO2 nanoparticles were incubated with mature
leaves, and after subsequent metabolomic analysis, the
nanoparticle surface was found to be enriched in lipids and
in particular flavonoids, which are polyphenolic small
molecules involved in secondary metabolism.78 These results
also revealed that lipids and flavonoids compete for nano-
particle surface sites during biocorona formation. In a separate
study, Qing and co-workers used human serum albumin-
functionalized magnetic nanoparticles to extract bioactive
molecules from Dioscorea panthaica via preferential corona
binding, greatly expediting the isolation of four saponin
compounds.80 In combination with Kurepa’s work, these
findings show that biocorona formation can be leveraged to
achieve desirable molecule enrichment. The tuning of the
nanoparticle surface properties to control biocorona formation
while retaining targeting and delivery functions has been
achieved in nanomedicine81,82 and provides a roadmap in
harnessing knowledge of the biocorona to design nanosensors
that maintain their utility in planta.

2.2. Challenges Associated with Nanoparticle-Based
Proteomic and Metabolomic Studies in Plants. Techno-
logical advances have led to more rigorous characterization of
the biocorona formed on nanoparticles, yet several challenges
persist before the process of studying plant-based protein and
metabolite coronae is rapid, comprehensive, and efficient.
These obstacles are briefly summarized here and detailed more
comprehensively in other reviews.83−86

The main challenge in advancing biocorona studies in plants
is the lack of sufficient proteomic and metabolomic
information on the plants alone, in contrast to the extensive
-omics characterization of human and many model animal
systems. Obtaining this data for plants requires a meticulously
designed experimental process and in-depth data analytics,
which are both time- and energy-intensive. Additional
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experimental considerations apply in data collection because
plant physiology and biochemistry vary across different strata:
(i) spatial resolution, accounting for plant organs, subcellular
and extracellular spaces, and (ii) temporal distribution,
spanning growth stages, photoperiodism, and seasonal
variations.85 These distinctive protein abundance patterns in
plant tissues87 and biochemical changes over time that
represent challenges to proteomic and metabolomics studies
will further influence biocorona formation. Thus, it is essential
to address the gap in proteomic and metabolomic plant
literature to accurately characterize these nanoparticle−
biomolecule interactions.
The plant metabolome poses significant difficulties in

compound identification and quantification: between
100,000−1,000,000 metabolites are estimated to belong to
the plant kingdom,88 while in contrast the number of detected
and quantified human metabolites is only 18,609.89 The
metabolomic compositional complexity also differs vastly
across plant species,85 and the dynamic range of abundances
(up to 12 orders of magnitude) and identity of sampled
metabolites are heavily dependent on biotic and abiotic factors
during plant growth.86,90 Proteomic analysis encounters similar
challenges, requiring careful and unbiased sample prepara-
tion.91 Protein identification and quantification must also
consider the high dynamic range and harness genomes, which
for plants like barley (5000 Mbp genome) are larger than the
human genome (∼3300 Mbp),92 and expressed sequence tag
(EST) data,93,94 presenting a challenge in itself since there is
no central curated database.95

Advances in proteomic and metabolomic data acquisition
and analysis remain key to furthering the study of the
biocorona in plants (Figure 4). Such advances will
subsequently enable the correlation of proteins and metabo-
lites in the nanoparticle biocorona with biological effects of
nanoparticles on plants. The prospect of these advances
motivates the synthesis of genomics, proteomics, and
metabolomics information to uncover biochemical pathways.
Excitingly, the rise of integrative approaches to -omics,96

decreasing costs of high-throughput sequencing and mass
spectrometry, as well as developments in bioinformatics
promise to accelerate the development of plant -omics.97−99

Through these innovations, knowledge of plant -omics is
quickly expanding,87 enabling biocorona characterization on
nanoparticles in plant tissues with distinct biochemical
compositions. As these technologies, tools, and databases
become more widely developed and utilized, compositional
knowledge of the biocorona can be employed to better inform
plant-based nanosensor design strategies.
Previous biocorona studies have broadly shown preferential

enrichment of biomolecules but fail to consider the multiple
unique bioenvironments that a nanosensor encounters within

the plant. We must carefully consider the physiological and
biochemical compositions in which nanoparticles travel
through and/or localize at to understand the full picture of
nanoparticle−biomolecule interactions. For instance, to study
the efficiency of a nanosensor that traverses through plant
vasculature would require nanoparticle incubation within
phloem or xylem sap. Conversely, investigating nanosensor
biofouling for a nanosensor embedded within a leaf might
necessitate considering the different localization end points
such as the cytosol or cell wall. In future research,
contextualizing studies of biocorona formation may provide
more realistic insight into nanoparticle fate.

3. PHYSIOLOGICAL CHARACTERISTICS OF PLANTS
RELEVANT TO BIOCORONA FORMATION

The broad concepts and underlying physical phenomena
driving biocorona formation can be readily translated to
nanoparticles in plant bioenvironments. Yet, we emphasize that
additional factors must be considered in terms of the distinct
biological characteristics and obstacles that nanoparticles
encounter while moving through plants in comparison to
those more widely studied in animal systems. Such plant-
specific aspects include (i) the modes of nanoparticle
transport, (ii) unique biological barriers, such as the presence
of a multilayered cellulosic cell wall, and (iii) markedly
different biofluid conditions and constituents.

3.1. Transport Phenomena of Nanoparticles in Plants
and How the Biocorona May Modulate Movement.
Modes of nanoparticle transport through plants predominantly
consist of nanoparticle uptake, translocation, internalization,
and accumulation, as reviewed elsewhere.8,100−102 In addition
to more commonly considered nanoparticle characteristics
such as size and charge, biocorona formation on nanoparticles
is expected to influence and be influenced by each of these
modes of movement. Yet, the effect of nanoparticle corona
formation has not been studied in relation to nanoparticle
transport in plants. As such, this molecular phenomenon of
corona formation will propagate effects through the macro-
and microscales of nanosensor outcomes in plant bioenviron-
ments. Macroscale transport through plant vasculature occurs
by movement of water and ions through the xylem with pore
diameters ranging from 40−340 nm and movement of
photosynthetic products via the phloem with pore diameters
ranging from 200−1500 nm.8 Conversely, microscale transport
through the plant cell wall and membrane is reserved for
smaller nanosensors developed for intracellular measurements
that must measure below the plant cell wall size exclusion limit
of approximately 5−20 nm.103

Nanoparticle transport through plant vasculature begins with
uptake, as governed by the method of delivery, generally
including foliar application (onto leaves), root application, or

Figure 4. Innovations in -omics research may enable improved nanoparticle (NP)-based sensor design through biocorona characterization with the
high-throughput combination of genomics, transcriptomics, proteomics, and metabolomics with bioinformatics.
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direct injection into other plant tissues. While the latter
method is considered the most efficient for nanoparticle
delivery,8 foliar and root application are ideal for certain
nanosensing applications, whereby numerous studies have
demonstrated that leaves are the main sinks of airborne
contaminants and roots serve to uptake organic compounds in
the soil.27 For example, the nitroaromatic, arsenic, and
hydrogen peroxide nanosensors, as discussed in earlier
sections, involve embedding nanosensors directly in the
spongy leaf mesophyll.21,23,27 In this case, nanoparticle
transport needs end upon uptake, as the analytes localize to
the leaf-residing nanosensors. However, even this seemingly
straightforward journey requires interaction with the leaf
cuticle, stomata, and parenchyma of leaf lamina, all of which
may result in dynamic biocorona formation that impacts
nanosensor function.
Beyond direct foliar embedding, nanosensors requiring

longer distance transport will translocate through the plant
vascular system. Typically, nanosensors are directly embedded
in the target tissue and do not translocate through the
vasculature, but as these technologies are scaled from the
laboratory to the field, feeding nanoparticles directly to crops is
emerging as a delivery method.8 Considering how nanoparticle
transport through vascular tissue will impact biocorona
formation is necessary for developing these technologies.
Colloidal interactions of nanoparticles with vascular walls are
expected to play a role in ease of translocation. It has been
demonstrated with classic colloid modeling using a DLVO
framework,8 with experimental validation,104,105 that approx-
imately neutral (+5 mV) and positively charged (+35 mV)
nanoparticles that lack steric stabilization will resist transport
by depositing on negatively charged vascular walls. In contrast,
negatively charged (−35 mV) nanoparticles can more freely
translocate through plant vessels. As the adsorption of
biomolecules onto nanoparticles from the surrounding plant
medium will modulate nanoparticle size, effective surface
charge, steric character, and other nanoparticle surface
properties, biocorona formation becomes imperative to
understand in optimizing efficient nanoparticle transport
phenomena in plants.
3.2. Biological Barriers That Nanoparticles Encounter

in Plants and How the Biocorona May Impact and Be
Modified by Traversal. Nanoparticles encounter distinct
biological barriers during transport into and through plants.
Additionally, an adsorbed biocorona can either hinder
nanoparticle passage or be influenced by the different
biological conditions that the nanoparticles are exposed to

during passage, as studied in animal systems.106 Nanoparticles
encounter barriers in plants during (i) initial uptake through
roots and leaves and (ii) eventual entry into the plant cell,
across the cell wall, cell membrane, and potentially organelle
membranes (Figure 5). Even if nanoparticles are expected to
pass through these structures based on characterization of the
pristine nanoparticle hydrodynamic size, unintended biocorona
formation and nanoparticle aggregation may prevent nano-
particle transport through such barriers. For context, the
protein corona can add approximately 10−30 nm to the
nanoparticle diameter in animal circulation environments,46

increasing the hydrodynamic size by 50% in the case of 60-nm-
diameter gold nanoparticles in blood serum.107

Nanoparticle uptake by roots is often reported to have low
efficiencies, presumably occurring through passage cells of
intact roots or at sites of new or damaged roots, bypassing the
root cuticle.8,108 An added complexity expected to influence
root uptake of nanoparticles is that of the rhizosphere. The
rhizosphere presents a rich environment of root exudates and
mucilage originating from plants, in addition to the
surrounding population of soil-based microorganisms includ-
ing bacteria and mycorrhizal fungi. Nanoparticle interaction
with these secreted substances and organisms of the rhizo-
sphere is a key, yet underexplored, consideration anticipated to
affect the biocorona formed on nanoparticles, and thus
nanoparticle surface properties, stability, and bioavailabil-
ity.101,108,109 Accordingly, this rhizosphere-imparted corona
on nanoparticles may at least partly explain the frequent
observation of little-to-no nanoparticle uptake by root
application.108 As an illustrative example, flavonoid signaling
in the rhizosphere has been well established, and nanoparticles
have previously been shown to form a biocorona rich with
flavonoid compounds.78 These results suggest that the
rhizosphere will impact nanoparticle corona composition and
subsequent plant uptake and that nanoparticles can interfere
with native signaling functions necessary for healthy organism
maintenance.78,108,110

After the rhizosphere has been navigated and nanoparticles
engage directly with the roots, multiple studies have found that
positively charged nanoparticles are more readily adsorbed
onto and in through root surfaces.101,104,111,112 However, once
inside the plant, the opposite trend occurs, whereby negatively
charged nanoparticles promote higher translocation efficiency.
This presents an opportunity to harness an engineered
biocorona, promoting either shedding or adsorption of an
outer layer to enable charge reversal upon internalization, such
as the adsorption of negatively charged root mucilage upon

Figure 5. Nanoparticles (NPs) encounter barriers and interact with a variety of biomolecules in plant bioenvironments. (A) During uptake through
roots, nanoparticles interact with microorganisms, such as bacteria and mycorrhizal fungi, and natural organic matter (NOM). (B) In foliar
application, NPs encounter the waxy cuticle coating leaf surfaces, and stomatal pores for gas exchange. (C) As NPs are internalized by the cell, they
must cross the cell wall, with a size exclusion limit of 5−20 nm, and the cell membrane.
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root traversal. Similar scenarios exist in animal systems, such as
with the mucosal and intestinal barriers that nanoparticles
encounter during oral delivery, and designer corona
approaches have displayed success in allowing a changing
surface charge to mediate effective biological barrier
passage.113

For foliar application, nanoparticles first come into contact
with the leaf cuticle and stomata openings. The cuticle is a
waxy coating designed to protect the plant from water loss and
nonselective molecular entry and consists of lipids and
hydrocarbons that cover most of the leaf exterior. The
cuticular pathway comprises modes of access for lipophilic
molecules via diffusion and permeation or for polar and ionic
solutes via pores, with pore diameters <5 nm.108 Although
nanoparticle passage through the cuticle is typically not
observed unless surfactants are employed,8,102 Avellan et al.
found that PVP-coated gold nanoparticles at least partly enter
leaves via disruption and/or diffusion through the leaf
cuticle.47 This cuticular uptake route or mere interaction
with the surface could bestow nanoparticles with a hydro-
phobic surface coating that fundamentally modifies subsequent
nanoparticle interactions with the internal biofluid. However,
nanoparticle entry through leaves is generally found to occur
through stomata, despite this uptake mechanism remaining
unclear.8,114 Stomata are the leaf pores for gas exchange,
displaying pore openings of tens of microns (although the
actual size exclusion limit is found to be a few orders of
magnitude smaller108) that also facilitate nanoparticle entry
and access to the phloem for transport through plants.8,102

Akin to the rhizosphere for roots and similarly understudied in
the context of nanoparticles, leaves support a phyllosphere of
microorganisms that secrete extracellular polymeric substances
that are expected to modulate nanoparticle surface properties
through the introduction of a biocorona.108

The plant cell wall, otherwise absent in animal systems,
presents a barrier that hinders nanoparticle movement and
targeted localization. Even for nanosensors that do not
explicitly require cell internalization, nanoparticles must cross
cell walls simply to reach the vasculature for translocation to
other plant organs. As such, the unique parameters facilitating
cell wall traversal must be considered. Cell walls exhibit a small
size exclusion limit of approximately 5−20 nm.103 Additionally,
stiffer nanoparticle constructs have exhibited higher plant cell
internalization.115 Biocorona formation is expected to play a
role in prohibiting cell uptake due to the increase in
hydrodynamic nanoparticle size and the reduction of inherent
nanoparticle stiffness, with the adsorption of a soft
biomolecular shell. More broadly, analogous cellular internal-
ization studies in animal systems demonstrate that this process
is both governed by the extracellular corona and further
imparts an intracellular corona on nanoparticles, potentially
disrupting nanotechnology function.116−118 However, funda-
mental understanding of the interaction of nanoparticles with
cell walls and how the corona would impact internalization is
lacking due to the difficulties of both measuring and modeling
such systems, where more focus has been placed on corona-
coated nanoparticle interactions with cell membranes.119,120

For cell membrane passage, the biocorona is expected to
govern uptake mechanisms, as seen in mammalian systems.121

Intracellular nanosensors may also traverse the lipid bilayers of
organelle membranes, such as for carbon nanotube-based
sensors used in chloroplasts.21,122 Toward this latter point, a
model termed Lipid Exchange Envelope Penetration (LEEP)

has been developed to describe nanoparticle internalization
into chloroplasts as a function of effective nanoparticle surface
charge (zeta potential) and smallest dimension.123 Interest-
ingly, this study reveals that the magnitude, not the sign, of the
zeta potential governs spontaneous nanoparticle uptake and
trapping in chloroplasts. Biocorona formation is expected to
modulate both of these nanoparticle parameters, such as
adsorbed ligands reducing electrostatic stabilization to
potentially prohibit effective chloroplast localization.

3.3. Biological Conditions That Nanoparticles En-
counter in Plants, with Posited Effects on Biocorona
Formation. Beyond the modes of nanoparticle transport and
barriers to such movement, the molecular entities and
conditions uniquely present in plants at each of these points
must be considered in the context of biocorona composition.
Broadly, such constituents include biomolecules (proteins,
sugars, lipids, etc.), inorganic ions, and natural organic matter
(NOM) in the surrounding environment, and conditions such
as ionic strength, pH, and sap flow rates. Plant organs each
express similar proteins at different abundance levels, with a
dynamic range of over 6 orders of magnitude for the case of
Arabidopsis thaliana,87 and plant saps exhibit distinct
constituents dependent on function, such as xylem versus
phloem sap.8,124

To reiterate from section 3.2, soil-administered nano-
particles are expected to possess an adsorbed biocorona prior
to contact with plant roots, likely entailing NOM. Nano-
particle-bound organic macromolecules including humic acid,
fulvic acid, and citric acid and soluble extracellular polymeric
substances have been demonstrated to enhance nanoparticle
stability against high-ionic-strength-induced nanoparticle ag-
gregation,125,126 particularly as driven by divalent cations (Ca2+

and Mg2+).127 Increased stability is presumably by means of
both electrostatic and steric stabilization, yet polymer bridging
effects could also bring about nanoparticle flocculation. NOM
adsorption has the potential to displace pre-existing surface
moieties and form highly heterogeneous surface coatings,128

potentially rendering the nanosensor construct nonfunctional.
In the vasculature, nanoparticles can interact with the

distinct sap constituents of the xylem versus the phloem.
Studies delving into the interactions of sap components with
nanoparticles, and the subsequent impact on nanoparticle fate
in plants, remain rare in the literature.8 Both the xylem and
phloem vascular bundles transport water, nutrients, and
metabolites, and the phloem additionally plays a role in
transporting signaling molecules including proteins and small
signaling molecules such as hormones and mRNAs.124 To
briefly summarize the differing compositions, the phloem
consists of appreciable amounts of potassium, calcium,
magnesium, sodium, chlorine, phosphorus, nitrogen, sulfur,
sugars, amino acids, organic acids, and proteins, while the
xylem consists of similar inorganic ions and proteins at lower
concentrations (approximately an order of magnitude for the
former) and no sugars or organic acids.8 As such, nanoparticles
entering by roots and traveling by xylem may be challenged
with adsorption of far fewer biomolecules, in contrast to
nanoparticles entering by leaves and traveling by phloem.
Plant biofluids can be further distinguished on the

microscale in terms of the apoplastic and symplastic fluids as
well as organelles. The apoplast is the space outside of plant
cell membranes, encompassing the cell wall matrix and
intercellular spaces. As the apoplastic fluid acts as the interface
between the xylem and phloem, the composition correspond-
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ingly reflects exchange between the vascular bundles, while
specifically, leaf apoplastic fluid consists mainly of proteins for
metabolic processes.124 The symplast comprises the intra-
cellular region, facilitating cell-to-cell transport of biomacro-
molecules that is rarely observed for nanoparticles.108 Although
the apoplastic space has been posited as a nanoparticle
translocation pathway, there is no general agreement in the
literature as to whether or not nanoparticles primarily move
through the apoplastic or symplastic pathway.100 Within
organelles, prior work has taken advantage of the large pool
of flavonoids inside vacuoles,78 yet such highly abundant
metabolites may interfere with intended nanosensor outcomes
and must be taken into account a priori. For example, the
highly abundant protein RuBisCO that composes nearly half of
the stroma protein content of chloroplasts may be relevant for
the biocorona expected on nanosensors localizing to the
chloroplasts, important for sensing tasks such as monitoring
photosynthesis.129 It is important to also note that
morphological and physiological characteristics of plant
biofluids and tissues vary as functions of plant species, growth
stage, and external conditions including weather, time of day,
and nutrients.8,108 All such factors lead to variability in
experiments that must be evaluated on a case-by-case basis.

■ CONCLUSION

The translation of nanoparticle-based sensors for widespread
agricultural applications could greatly advance plant monitor-
ing through continuous, nondestructive sensing of crop health.
Although nanoparticle interactions and transformations in the
context of these plant bioenvironments have been reported,
our understanding of biocorona formation in plant systems and
its impact on nanoparticle function remain fairly limited. To
further develop our knowledge of biocorona formation on
nanosensors, studies in animal systems provide a template to
guide our inquiry into plant systems, with key challenges for
working in plants that include proteomic and metabolomic
considerations, plant transport, biological barriers, and biofluid
constituents. By considering these biological features in plant
systems in the context of engineered nanosensor properties, we
can tune and improve nanosensor design for the seamless
translation of these nanotechnologies in agricultural practice.
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