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Fluorescence imaging is a non-invasive and highly sensitive bioimaging technique that has shown remarkable strides in plant
science. It enables real-time monitoring and analysis of biological and pathological processes in plants by labeling specific
molecular or cellular structures with fluorescent probes. However, tissue scattering and phytochrome interference have been
obstacles for conventional fluorescence imaging of plants in the ultraviolet and visible spectrum, resulting in unsatisfactory
imaging quality. Fortunately, advances in near-infrared (NIR) fluorescence imaging technology (650—900 nm) offer superior
spatial-temporal resolution and reduced tissue scattering, which is sure to improve plant imaging quality. In this review, we
summarize recent progress in the development of NIR fluorescence imaging probes and their applications for in vivo plant
imaging and the identification of plant-related biomolecules. We hope this review provides a new perspective for plant science
research and highlights NIR fluorescence imaging as a powerful tool for analyzing plant physiology, adaptive mechanisms, and
coping with environmental stress in the near future.
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1 Introduction

The global population has already surpassed the 7.6 billion
mark, with projections estimating a staggering increase to
9.2 billion by 2050. To meet the nutritional needs of the
world’s population, this escalation is predicted to trigger a
corresponding rise in the demand for food worldwide, which
is expected to increase by roughly 59%—102% [1-3].
Therefore, understanding the physiological state and health

fThese authors contributed equally to this work.
*Corresponding authors (email: amitorg83@gmail.com; weyang@gzu.edu.cn;
sunyaogbasp@ccnu.edu.cn; jongskim@korea.ac.kr)

© Science China Press 2023

of plants is critical for increasing crop yields, enhancing
ecosystem health, and safeguarding human food security.

Plant stress encompasses a range of adverse environmental
circumstances that hinder plant growth, such as nutrient
deficiency, water scarcity, inundation, temperature fluctua-
tions, air pollution, and pests and diseases [4,5]. The pre-
vailing methodologies for detecting plant stress can be
categorized into three categories: molecular techniques,
spectral analyses, and imaging modalities.

Molecular methods, such as polymerase chain reaction
(PCR) and enzyme-linked immunosorbent assay (ELISA),
can detect specific DNA or RNA sequences of plant patho-
gens. However, these methods require sophisticated labora-
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tory equipment and complex molecular biology techniques,
making them relatively cumbersome and time-consuming to
operate [6-9]. Spectroscopic methods detect pathogens by
measuring the spectral signature of plant tissue. Although
this approach is non-destructive and real-time, it is more
susceptible to the effects of environmental factors, including
light and the plant itself [10—12]. Infrared thermal imaging
can detect temperature changes in plants, but it is greatly
affected by environmental conditions and external factors
[13]. Hyperspectral imaging can provide rich spectral in-
formation, but the technology is expensive, and the data
processing is complex [14]. While these approaches have
promise, they also have limitations in their capacity to be
applied to the in-situ, real-time detection and analysis of
biological samples due to their complexity and susceptibility
to environmental factors.

Over the past few decades, fluorescence imaging has
gained growing significance owing to its adaptability, high
sensitivity, and capacity for in situ detection in real samples.
It has permeated diverse fields, encompassing life sciences
[15], drug exploration [16], and biomedical engineering [17],
among others. Currently, a plethora of functional organic
small molecules, fluorescent proteins, and inorganic nano-
materials have materialized, ushering in an era of plant
imaging and detection.

These innovations serve diverse roles, such as monitoring
plant hormones [18], signaling molecules [19], and ion
concentrations [20], thereby affording insights into the in-
tricate regulatory mechanisms underpinning plant metabolic
pathways. However, most existing fluorescent probes uti-
lized for plant imaging predominantly operate in the visible
light range. This limitation often leads to challenges such as
poor signal-to-noise ratio, heightened background fluores-
cence, and restricted tissue penetration, ultimately culmi-
nating in compromised imaging quality.

Fortunately, when fluorescent probes with near-infrared
(NIR) windows are employed for plant imaging, they offer
distinct advantages such as improved transparency, reduced
tissue absorption and scattering, and minimized interference
from spontaneous fluorescence. These advantages un-
doubtedly contribute to an enhanced quality of plant imaging
[21-23]. In consequence, NIR probes hold the potential to
realize deep tissue imaging within plants, providing more
precise and quantitative data.

This review places a specific emphasis on elucidating the
design principles, synthesis methodologies, and plant appli-
cations of NIR probes of varying types, including organic
small molecules and inorganic nanomaterials. Then, a sum-
mary of their applications in plant imaging and detection of
plant active molecules (reactive species, metal ions, signal
molecules, etc.) follows. Additionally, the concluding sec-
tion of this review offers a prospective outlook on the future
developments and potential applications of NIR imaging
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agents in the context of plants.

2 Near-infrared fluorescence imaging of plants

Through the advanced technique of imaging plant cells, tis-
sues, organs, and the entirety of plant bodies, we gain pro-
found insights into the intricate physiological and
biochemical processes governing plant life [24-27]. How-
ever, the presence of plant pigments like carotenoids
(380-520 nm), anthocyanins (560—650 nm), and chlorophyll
(600—700 nm) poses difficulties for traditional fluorescence
imaging, which in turn reduces imaging contrast and accu-
racy [28]. To surmount this limitation, the application of
long-wavelength fluorescence imaging reagents proves in-
dispensable, as they effectively mitigate the interference of
plant pigments, thereby elevating the clarity and resolution
of fluorescence imaging. With powerful tools to examine and
analyze the underlying complexities of plant physiology,
adaptation mechanisms, and responses to environmental
stimuli, this novel approach advances plant science and
agricultural research.

2.1 Plant cell-level imaging

In plant cells, the lipid droplet is a type of dispersed sub-
organelle that not only stores energy but also participates in
the lipid transport and metabolism regulation [29]. In gen-
eral, the presence of both donor (D) and acceptor (A) groups
in a dye molecule can facilitate intramolecular charge
transfer (ICT) towards the near-infrared region. In the ICT
mechanism, n-electrons transfer from the donor moiety of a
molecule along the conjugated system to the acceptor moi-
ety. By extending the m-conjugation and/or enhancing the
donor-acceptor effect, Liu’s team [30] successfully synthe-
sized three imaging reagents with a narrow band gap and
bright NIR emission. These reagents can effectively illumi-
nate lipid droplets in oil-rich plant cells within the NIR re-
gion. The maximum emission wavelengths of compounds 1,
2, and 3 in toluene are observed at 664, 645, and 676 nm,
respectively. In the solid state, they exhibited fluorescence
quantum yields of 0.76%, 2.84%, and 0.70%, respectively.
More importantly, excellent biocompatibility, remarkable
photostability, and significant lipophilicity (LogP values for
1, 2, 3 are 9.39, 7.89, and 8.03, respectively) render these
compounds highly suitable for application in organisms rich
in lipid droplets. /n vitro experiments revealed that these
compounds had no significant cytotoxicity to tested HelLa
cells and were mainly located in the lipid droplet of the cells
(Pearson’s coefficient values for 1, 2, 3 are 0.94, 0.96, 0.97,
respectively). The bright NIR red fluorescence of 1, 2, and 3
in sunflower seed slices was observed by confocal fluores-
cence microscopy (Figure 1B).
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(A) The structure of compounds 1-3. (B) Fluorescence imaging of sunflower seeds incubated with compounds 1, 2, 3, and BODIPY493/503

Green. Scale bar: 60 um. Reprinted with permission from Ref. [30]. Copyright 2022, Elsevier. (C) Schematic illustration of the design principle of compound
4. (D) NIR fluorescence imaging of different plants with compound 4. Scale bar = 5 mm (a, ¢), 50 mm (b, f), 10 mm (¢, g), 5 mm (d, h). Reprinted with
permission from Ref. [37]. Copyright 2023, Royal Society of Chemistry (color online).

As an essential component of cells, the plasma membrane
plays a crucial role in segregating the internal and external
cellular environment, and structural irregularities have been
shown to be closely related with cell aging, apoptosis, and
certain physiological disorders [31-35]. However, imaging
the plasma membrane of plant cells is often constrained by
aggregation-caused quenching (ACQ), limited imaging
duration, and interference from the cell wall. Fortunately, the
aggregation-induced emission (AIE) phenomenon, first dis-
covered by the Tang’s research group [36] in 2001, offers a
promising solution to this problem. Specifically, AIE organic
molecules exhibit minimal fluorescence in solution, but in
the condensed state (when they form aggregates or a solid
state), their luminescent properties are significantly en-
hanced due to restricted intramolecular motion (RIM) and
the prevention of intramolecular -7 interactions.

Based on this, Qian’s research group [37] devised and
synthesized a water-soluble AIE type compound 4. Com-
pound 4 is composed of triphenylamine moiety as the pro-
peller donor and a-cyanopyridine cation as the water-soluble
acceptor. The presence of the rigid group, i.e, 4-diazabicyclo
[2.2.2] octane in the side chain, effectively hindered the
compound’s penetration through the cell plasma membrane.
In dimethyl sulfoxide (DMSO), probe 4 exhibited a max-
imum absorption at 525 nm in DMSO, with an absorption
band encompassing the almost entire ultraviolet (UV)-visible
region (300 to 660 nm). Experimental research revealed that
probe 4 rapidly penetrated cell walls and selectively stained
the plasma membranes of all plant cells in a very short time
frame. This probe boasts advanced features, including ul-
trafast staining, excellent biocompatibility, and prolonged
imaging capability (more than 10 h). Moreover, compared to

commercially available FM dyes, the probe 4 showed ex-
ceptional plasma membrane specificity, eliminating the dis-
turbance for staining other cellular regions. The mean signal-
to-noise ratio of the plasma membrane in central cells and
peripheral epidermal cells was measured to be about 106.3
and 144.4, respectively. Moreover, probe 4 delivered high-
resolution fluorescence images of onion epidermal cells as
well as root cells of Arabidopsis, rice, and tobacco seedlings,
all with comparable resolution (Figure 1D). Collectively,
observed results demonstrated the universal applicability of
the probe 4 for staining various plant cell membranes.

2.2 Plant organ-level imaging

Rosenzweig’s group [38] co-doped fluorenyl benzothiadia-
zole-derived polymers and maleic anhydride-derived poly-
mers with NIR narrow emission skeleton chlorin to obtain
semiconductor polymer dots 5. The semiconductor polymer
and fluorescent dye were successfully able to transfer
fluorescence resonance energy, which allowed polymer dots
5 to outperform its predecessors in terms of photo-stabili-
zation and brightness. The average hydrodynamic diameter
of polymer dots 5 was measured to be 52 nm. The presence
of free carboxylate groups on its surface allows for antibody
modification and use in plant imaging applications. When
excited by a laser at 450 nm, polymer dots 5 displayed an
NIR emission band with an average full width at half max-
imum (FWHM) of just 25 nm. Cell experiments confirmed
the good biocompatibility of prepared polymer dots. For
imaging purposes, FLS, receptor-associated Arabidopsis,
IgG (H + L) and F(ab) antibody fragments were further
modified on the surface of polymer dots 5. By using an
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Figure 2 NIR fluorescence imaging of leaf cells (a) and root hair cells (b)
incubated with polymer dots 5. Scale bar = 50 um. Reprinted with per-
mission from Ref. [37]. Copyright 2022, American Chemical Society.
(c) Fluorescence imaging of Phalaenopsis incubated with nanoparticles 6.
Scale bar: 50 um. Reprinted with permission from Ref. [41]. Copyright
2009, American Scientific Publishers. (d) NIR-II imaging photographs of
leaves and stems obtained from N. benthamiana, sprayed with nano-
particles 7 solution. Reprinted with permission from Ref. [42]. Copyright
2023, Royal Society of Chemistry (color online).

inverted microscope, 5 demonstrated imaging of leaf and
root hair cells of Arabidopsis thaliana in NIR channels (647
and 710 nm) (Figure 2a, b). Furthermore, the blinking
behavior of polymer dots 5 also suggested its potential for
use in super-resolution imaging applications.

In general, lanthanides doped nanoparticles (Yb3+/Er3+ or
Yb*/Tm™, etc.) exhibit high photo-stabilization and quan-
tum yields, making them excellent for real-time imaging
over extended periods [39—41]. In this regards, Haase’s re-
search group [42] reported water-soluble up-conversion na-
noparticles 6 (NaYF,: 20% Yb, 2% Er), and demonstrated its
imaging applications in Phalaenopsis and Arabidopsis. The
modification of nanoparticles 6 with 1-hydroxyethane-1,1-
diphosphonic acid resulted in the formation of a stable col-
loidal solution with an average diameter of 45 nm in water.
Due to the co-doping with lanthanide metals, nanoparticles 6
exhibited dual emission at 550 and 660 nm under the ex-
citation of a 974 nm laser. After adding the colloidal solution
containing the nanoparticles 6 to the Phalaenopsis and Ara-
bidopsis plants, confocal laser scanning microscopy was
employed to capture the luminescence of the particles in the
plant. The results showed that nanoparticles were readily
absorbed by both the tested plants. Further, 6 may be in-
gested through the roots, transported along the flower stem to
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the leaves, and even dispersed throughout the entire plant.
Notably, glowing particles were seen along the flower stalks
of Phalaenopsis and Arabidopsis plants at heights of up to 10
and 4 cm, respectively. Additionally, the nanoparticles 6
showed a low plant autofluorescence background and clearly
illuminated the blood vessels in the roots of Phalaenopsis
(Figure 2c¢).

In 2023, Xu et al. [43] synthesized Ce3+—doped shell-
coated NaErF, nanoparticles (7) capable of dual-mode NIR
up-conversion and NIR-II down-conversion emission. By
modulating the energy capture center with Tm’" ions and
employing an appropriate ce”’ doping concentration in the
shell layer, the initial weak NIR-II emission peak (1,525 nm)
of the core nanoparticles was greatly improved. This resulted
in a remarkable 19-fold increase in the NIR-II luminescence
properties of the nanoparticles 7. The improvement allowed
for both deep tissue penetration and a high SNR for sub-
sequent plant optical bioimaging. Additionally, nanoparticles
7 were coated with polyethyleneimine to increase their water
solubility and facilitate better plant uptake. Ultimately, these
superior attributes of nanoparticles 7 facilitated successful
NIR-IT imaging of the Nicotiana benthamiana leaves and
stems (Figure 2d). This study offers a fresh perspective for
examining the uptake and trafficking of nanoparticles inside
plant systems by introducing a unique plant imaging tech-
nique that makes use of NIR-II channels.

3 Near-infrared fluorescence detection of
plant-related active molecules

The remarkable specificity and sensitivity of fluorescent
probes are fundamental advantages in botanical investiga-
tions. By customizing these probes to target specific bioac-
tive molecules in plants, such as reactive species, metal ions,
signaling molecules, and harmful substances, precise and
quantitative detection of these pivotal active molecules can
be achieved. These active molecules assume pivotal reg-
ulatory functions in the intricate processes of plant growth,
development, stress responsiveness, and acclimatization to
dynamic environmental fluctuations [44—49].

3.1 Reactive species and signal molecule

In the context of plant growth, reactive oxygen species
(ROS) and reactive sulfur substances (RSS) are crucial redox
molecules. These molecules demonstrate a dual function in
the physiological regulation of plants. Controlled ROS and
RSS levels act as signaling molecules, participating in stress
responses, orchestrating growth, disease resistance me-
chanisms, and maintaining intracellular redox homeostasis.
Nonetheless, an excessive accumulation of these active
substances may cause oxidative damage, instigating lipid
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peroxidation of cell membranes and protein impairment,
which would disrupt normal cell metabolism [50-52].

Hydrogen sulfide, a multifunctional regulator of plant
growth and development, is essential for germination, root
organogenesis, cell senescence, and autophagy, among other
stages of the plant life cycle. Moreover, hydrogen sulfide
enhances the plant’s resilience against adversities such as ion
imbalances and drought [53—55]. The 2,4-dinitrophenyl ether
group, as a strong electron-withdrawing group, affects the
electron density of the probe molecule through its interaction
with the fluorophore, thereby triggering photo-induced
electron transfer (PET), leading to the quenching of the dye’s
fluorescence. Nucleophilic reagent H,S can react with the
2,4-dinitrophenyl group, causing its departure and accom-
panied by the restoration of the dye’s luminescent properties.
Wu’s research group [56] designed a D-A type small mole-
cular probe 8, incorporating a hemocyanin-based modular
scaffold as the electron acceptor and a xanthene derivative as
the donor. Through the cleavage of the dinitrophenyl ether
group, this molecule can precisely recognize H,S in phy-
siological environments.

With water-soluble groups present in its structure, spectral
data acquired in DMSO/phosphate buffer saline (PBS) (V/V
= 5:95) revealed that probe 8 exhibited a maximum ab-
sorption peak at 575 nm and a broad emission band ranging
from 650 to 850 nm. Upon incubation with NaSH (50 mM),
the absorption bands of probe 8 at 575 nm diminished, while
those at 632 and 685 nm gradually intensified, leading to an
isoabsorptive point at about 600 nm (Figure 3b). The me-
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chanism by which probe 8 responded to H,S may involve the
detachment of the dinitrophenyl ether group, leading to the
cessation of the PET process and the change of the ICT
process. Concurrently, the fluorescence of probe 8 under-
went significant enhancement, with a response time of ap-
proximately 30 min. Probe 8 exhibited remarkable resilience
against interference during H,S detection, including various
tested common metal ions and anions (Figure 3c). Ad-
ditionally, probe 8 also demonstrated excellent sensitivity in
recognizing H,S (0.75 uM). The exceptional performance of
8 was demonstrated in imaging Al’"-induced abnormalities
in H,S content during early wheat germination (Figure 3d).

Likewise, by utilizing the 2,4-dinitrophenyl ether group as
the leaving group and conjugating it with the xanthene-based
benzothiazole derivative, probe 9 was developed for in-situ
imaging of H,S content in rice (Figure 3e) through the “Turn
On” mechanism of ICT [57]. With a remarkable low detec-
tion limit of 104 nM, probe 9 showed a quick and highly
selective reaction to H,S. Upon the addition of H,S, its
emission wavelength at 720 nm experienced “Turn On” en-
hancement.

The Chen research group [58] also developed a water-
soluble NIR H,S “Turn On” small molecular based probe 10,
that exhibits exceptional selectivity and high sensitivity to
H,S within the physiological environment of plants (limit of
detection (LOD) = 0.21 puM). Interestingly, probe 10 was
employed for direct in-situ imaging of H,S in rice roots
(Figure 3f), which showed an upregulation of the H,S sig-
naling pathway under conditions of N exposure and
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Figure 3 (a) The structures of probes 8-10. (b) Change in the absorption spectra of probe 8 on incubation with NaSH in solution. (c¢) The selectivity of
compound 8 for NaSH in solution. (d) Fluorescence images of compound 8 for wheat seedlings exposed to different concentrations of A" jons. Reprinted
with permission from Ref. [56]. Copyright 2023, Royal Society of Chemistry. (¢) Fluorescence imaging of endogenous H,S in rice roots using compound 9.
Scale bars = 100 um. Reprinted with permission from Ref. [57]. Copyright 2023, American Chemical Society. (f) Fluorescence imaging of endogenous H,S
in rice roots using 10. Scale bar = 25 um. Reprinted with permission from Ref. [58]. Copyright 2021, American Chemical Society (color online).
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flooding stress. These studies provide an effective detection
tool to investigate the physiological and pathological roles of
H,S in plants.

Numerous environmental variables, including pathogen
infection, high temperature, salt, injury, and light stress have
been found to cause excessive H,O, production in plants
[59—-61]. Wu et al. [62] meticulously designed and synthe-
sized a NIR fluorescence probe 11, with a diphenylamineyl
xanthrene group and bis(methylenemalononitrile)indan as an
electron donor and acceptor, respectively (Figure 4a). In
plant physiological environment, it can accurately and effi-
ciently react with H,O, through the phenylboronic acid
group serving as the recognition site. Probe 11 showed
considerable AIE behavior in water/acetonitrile mixtures
with various volume ratios. When the acetonitrile content
reached about 20%, the relative quantum yield of the probe
was measured as 0.37%. By encapsulating probe 11 with
DSPE-PEG2000, nanoparticles having a hydrodynamic
diameter of 109.5 nm were produced in order to improve
biocompatibility. Under 808 nm excitation, nanoparticles 11
showed a maximum emission peak at 925 nm in water. In
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response to H,0,, nanoparticles 11 exhibited remarkable
selectivity and robust anti-interference capability.

Studies have shown that toxic Cd*" entering plants through
the water/soil, where crops are grown, causes abnormal H,O,
content in plants, and thereby restrict or stop the plant
growth. In this regard, the nanoparticles 11 were used to
image okra sprouts/seedlings induced by cd* exposure at
different periods. The fluorescence signals of the okra
sprouts/seedlings were clearly visible, and the NIR fluores-
cence signals increased with the increase of the Cd™ level.

Interestingly, in the same year, the research group also
reported another NIR-II fluorescence “Turn On” type probe
12 for the detection of H,0, levels [63]. By using phe-
nylboronic acid pinacol ester as the recognition site, H,O,
can lead to fluorescence enhancement of probe 12 at
1,036 nm (Figure 4b). AIE feature of probe 12 ensures strong
fluorescence in the aggregated state of NIR-II imaging in
aquatic environments. Probe 12 was successfully demon-
strated to study and detect biomarker-activated H,O, ab-
normalities in plant buds caused by various environmental
stresses such as Cd”" or high salt (NaCl) exposure in bean
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Figure 4 (a) Schematic illustration of the design principle of polymer dots 11 and its imaging application in bean sprouts. Reproduced with permission from
Ref. [62]. Copyright 2022, American Chemical Society. (b) The schematic diagram for the fluorescence imaging of compound 12 under different oxidative
stress conditions. (c¢) Photographs and fluorescent images of soybean sprouts coming from the sprouting process in water containing Cd** for 36 or 60 h. Scale
bar: 1 cm. Reprinted with permission from Ref. [63]. Copyright 2022, Wiley. (d) Scheme depiction of nanosensor 13 preparation and in vivo monitoring of
plant health. Reprinted with permission from Ref. [65]. Copyright 2020, American Chemical Society (color online).
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sprouts (Figure 4c).

As a quasi-one-dimensional quantum wire, single-walled
carbon nanotubes (SWNTs) have many unique inherent
physical and chemical properties, such as low bandgap, large
stoker shift, and excellent photostability, thus are ideal can-
didates for plant imaging [64]. Giraldo ef al. [65] reported a
nanosensor 13, composed of SWNTs as the NIR imaging
component, wrapped with a layer of DNA aptamer sequence
and hemin through non-covalent bond interaction, to realize
highly sensitive and highly specific recognition of hydrogen
peroxide in the plant (Figure 4d). The nanosensor 13 dis-
played a strong absorption band covering 800 to 1,200 nm in
the PBS or TES buffer solution, with a broad emission band
with a main peak at 991 nm. The hemin in the nanosensor
effectively catalyzes H,O, to generate the active hydroxyl
radical, quenching its fluorescence emission in a manner
similar to the protonation reaction. The nanosensor 13’s re-
sponse to H,O, was unaffected by the presence of Ca”™', su-
crose, glucose, methyl salicylate, or any other of these
substances. Additionally, nanosensor 13 exhibits good bio-
compatibility when incubated with plant leaf cells. Under the
785 nm laser excitation, nanosensor 13 fluorescence
quenching (14%) was observed in plant leaves exposed to
H,0,. Given its great sensitivity, this nanosensor can respond
to H,O, in the plant’s physiological range (10-100 uM).
Hence, it may be used to achieve real-time observation and
quantitative analysis of the molecular and biological pro-
cesses inside living plants, thus providing a new tool for
plants to prevent plant diseases at an early stage.

The dysregulation of plant signaling molecules, including
phytohormones, ethylene, and nitric oxide (NO), serves as a
pivotal parameter for real-time monitoring of plant health.
For instance, diverse hormone types can intricately interact
through signal transduction networks to uphold plant
homeostasis. Nevertheless, an overabundance of hormones
may impair growth and development, manifesting as defor-
mities or excessive elongation in plants [66,67].

An essential plant hormone called auxin coordinates cru-
cial roles in plant growth and development. It governs cell
division, elongation, and differentiation, influencing the
maturation of roots, stems, leaves, and pivotal processes like
flowering and fruit formation. Auxin’s reach extends to
photosynthesis, root expansion, nutrient transport, and an
array of physiological functions. Skillful auxin regulation
augments crop yield elevates quality, and plant resilience to
environmental stresses. However, an excess or deficiency of
auxin can lead to aberrant plant growth, with cascading ef-
fects on yield and quality. In 2021, Strano et al. [68] syn-
thesized two types of cationic polymer coated SWNTs-based
nanosensors 14 and 15. One end of the polymers was linked
to a planar aromatic system for n-m stacking adsorption,
while the other end was connected to hydrophilic cationic
side chains, facilitating selective auxin recognition in solu-
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tion. The results showed that the fluorenyl benzene- and
imidazole-modified nanosensors 14 and 15 can achieve
highly selective and specific recognition of 1-naphthale-
neacetic acid (NAA) (8.2 uM) and  2,4-di-
chlorophenoxyacetic acid (2,4-D) (0.35 uM), respectively.
Nanosensors 14 and 15 demonstrated remarkable photo-
stability and superb NIR emission properties. Under con-
tinuous 785 nm laser excitation, sensors 14 and 15 were
utilized to capture the spatiotemporal distribution of 1-
naphthaleneacetic acid and 2,4-dichlorophenoxyacetic acid
in spinach leaves at various time points (Figure 5a). In 2023,
the same research group used a similar methodology to
modify SWNTs with styrene-derived polymers containing
sulfonate groups and ammonium ions and successfully
achieved high selectivity and sensitivity in the recognition of
two distinct gibberellins (GA; and GA,) in the NIR window
[69].

Endogenous nitric oxide (NO) holds significant physio-
logical importance across various organisms. It acts as a
signaling molecule at every step of the plant lifecycle and
plays a significant role in plant pathology, serving as a major
regulatory component in plant development and morpho-
genesis. Wu et al. [70] reported a water soluble nanosensor
16 for detecting NO within plants through the self-assembly
of rotor-type naphthyl diphenylamine-based small molecule
with cyclodextrin. The AIE properties of the small molecule
were validated in a glycerol/water mixture (containing 1%
DMSO), where the fluorescence intensity of the small mo-
lecule increased with the increasing proportion of glycerol in
the system. In an aqueous solution, the small molecule
formed stable nanoparticles with B-CD, exhibiting a hydro-
dynamic diameter of 105 nm. The prepared nanoparticles
showed remarkable photostability. The addition of NO gra-
dually increased the photoacoustic signal at 680-900 nm as
well as the nanosensor 16°s fluorescence signal at 938 nm. It
is noteworthy that researchers utilized nanosensor 16 to
achieve clear fluorescence imaging of NO in soybean sprouts
in the NIR region (Figure 5b).

3.2 Metal ion

As essential components of enzymes, metal ions play an
irreplaceable and pivotal role in catalytic reactions, facil-
itating fundamental biochemical processes including redox
and photosynthesis. These metal ions also actively partici-
pate in signal transduction and hormone regulation, exerting
significant impact on the plant stress response [71,72].
However, few NIR probes for metal ion detection in plants
have been reported up to now. Cyanine derivatives are a
significant class of water-soluble long-wavelength dyes, of-
fering the potential for easy wavelength adjustment to NIR-
Ia and even NIR-II regions [73—75]. In this regard, Lin et al.
[76] designed a cyanine-based probe 17 that introduced an
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Figure 5 (a) Schematic illustration of nanosensors 14 and 15 for sensing NAA and 2,4-D in a spinach leaf. Reproduced with permission from Ref. [68].
Copyright 2021, American Chemical Society. (b) The preparation process and NO response mechanism of compound 16, and its fluorescence imaging in bean
sprouts. Reproduced with permission from Ref. [70]. Copyright 2022, Elsevier (color online).

amino-linked polypyridine structure at its meso site for ef-
ficient imaging of Cu”"in aqueous solutions. This is a “PET”
type probe based on nitrogen atom’s lone pair electrons to
quench cyanine fluorescence. When the probe is exposed to
an aqueous solution containing Ccu®’, the polypyridine
structure can strongly chelate the Cu”", which “Turn On” the
NIR photoacoustic signal. The probe was further used to
image copper ions in soybean sprouts. After the probe in-
teraction with Cu’’, the original absorbance band at 625 nm
disappeared, and a new absorption band appeared at 715 nm,
which was enhanced with the increase of copper ion con-
centration. Probe 17 exhibited an excellent selectivity and
sensitivity (10.8 nM) to Cu’" in the physiological environ-
ment. /n vivo experiments have shown that after the soybean
sprouts were pretreated with Cu’’, the intensity of the pho-
toacoustic signal of probe 17 was 2.06 times higher than that
of the original photoacoustic signal. This strategy offers
fresh insights for the subsequent realization of highly sen-
sitive, highly selective environmental monitoring and non-
invasive disease diagnosis with high imaging depth (about
10 cm).

Hg2+ endangers plant growth by impairing the growth of
the roots and leaves. They interfere with photosynthesis,
inhibit nitrogen metabolism and protein synthesis, resulting
in leaf yellowing and wilting as well as reduced yield, and
quality. Furthermore, Hg2+ can accumulate within plants and

be transferred to humans through the food chain, posing a
threat to human health. Yin’s research group [77] reported an
NIR BODIPY-based probe 18 to effectively detect Hg2+ ina
physiological environment through a macrocyclic thioether
as the recognition unit. Upon the addition of Hg2+, the ab-
sorption bands of probe 18 at 580 to 820 nm gradually dis-
appears, while those at 670 nm become significantly
enhanced, resulting in an isoabsorptive point at around
701 nm. This is accompanied by change in color of probe
solution from light brown to green. This alteration takes
place because the PET effect from the macrocyclic thioether
to the BODIPY core is severely hampered by the addition of
Hg2+. The Job’s curve showed that the chelate ratio of probe
18 with Hg2+ was 1:1, with a binding constant K, of 6.4 x
10*m™". The probe exhibited high selectivity for Hg2+ among
other tested cations. More importantly, probe 18 demon-
strated a very low detection limit for Hg2+ (2.66 x
10 mol/L). MTT assay demonstrated low cytotoxicity of
probe 18 to HeLa cells and good biosafety in the con-
centration range from 2.5 to 100 uM. Through in vivo ex-
periments, the distribution of Hg2+ in plant tissues was
successfully imaged using an imaging channel of 640 nm
and an exposure time of 120 ms (Figure 6b).

Corona-phase molecular recognition technology is an ad-
vanced method used to detect and identify specific molecules
in plant cells and tissues. It utilizes a microfluidic chip and
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the corona phase effect to concentrate the molecules in the
sample and interact with a specific probe, resulting in the
generation of a fluorescent signal. By analyzing the intensity
and features of the fluorescence signal, the presence and
concentration of the target molecule can be precisely de-
termined [78]. This technology boasts high sensitivity, se-
lectivity, and rapid response characteristics. Considering
this, Strano’s research group [79] developed a SWNTs-based
nanosensor 19 containing single-stranded DNA decorative to
detect arsenite in plants (Figure 6¢). Based on the hydrogen
bonds formed by guanine (G) and thymine (T) nucleotides
with arsenite, nanosensor 19 can detect arsenite in plants
with excellent selectivity. The presence of arsenite can sig-
nificantly enhance the fluorescence intensity of the nano-
sensor, and its detection limit was found to be about 122 nM.
The research showed that nanosensor 19 can be embedded in
plant leaves to detect arsenite through the natural transpira-
tion of plants. By irrigating the roots of spinach with a cul-
ture solution containing arsenite, the arsenite was transported
throughout the body along the plant’s blood vessels and
subsequently detected in the leaves with nanosensor 19. In
addition, the sensing capability of the nanosensor 19 in rice
and fern plants with strong arsenic ion tolerance was also
verified. This new nanotechnology provides guidelines for
future real-time monitoring of various indicators to be ana-
lyzed in plants in diverse environmental conditions.

3.3  Other substances

During the course of plant growth and development, various
deleterious substances can induce plant intoxication, sus-
ceptibility to diseases, or exposure to adverse environmental
conditions. These factors significantly impact how plants

FL
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normally grow and develop, leading to a deceleration in their
growth rate, decreased productivity, and, in extreme cases
even causing plant death [80-82]. Appropriate concentra-
tions of NaCl have a promoting effect on plant growth, as
sodium ions stimulate cell expansion and water balance,
thus fostering overall plant growth. However, in environ-
ments with high concentrations of sodium chloride, plant
growth, and development are severely restricted due to de-
creased water potential, ion imbalance, and toxic effects
[83-85].

Yang’s research group [86] designed an NIR heptamethine
cyanine probe 20 (Figure 7), which can detect sodium
chloride in real time by forming J-aggregates through elec-
trostatic interactions with NaCl. The absorption spectra
showed that in an aqueous solution containing halide sodium
ions, probe 20 displays absorption peaks at 770 and 862 nm,
with the latter primarily attributed to the formation of J-
aggregates. Likewise, the emission peak of probe 20 at
798 nm also decreases with an increase in sodium chloride
content, exhibiting a noticeable blue shift. Probe 20 de-
monstrates a linear detection range for sodium chloride in
aqueous solution up to 170 uM and exhibits rapid fluores-
cence response capability. Confocal microscopy images re-
veal that probe 20 is predominantly localized in the
mitochondria of plant cells. Under non-saline stress condi-
tions, both Arabidopsis root tip tissue imaging and whole-
body imaging exhibit uniformly bright NIR emissions
(Figure 8A). However, with increasing sodium chloride
concentration, the observed fluorescence intensity gradually
diminishes, while spermine effectively alleviates the plant’s
salt stress levels. This probe offers robust technical support
for monitoring the extent of sodium chloride stress in plants.

The main effects of hydrazine on plants include cell
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Figure 6 (a) The structure of compounds 17 and 18. (b) The fluorescence images of Arabidopsis thaliana seedlings soaked with different concentrations of
mercury ions of Hg2+ and compound 18, respectively. Reproduced with permission from Ref. [77]. Copyright 2022, Elsevier. (c¢) Scheme depiction of
nanosensor 19 in use of plants. Reprinted with permission from Ref. [79]. Copyright 2020, Wiley (color online).
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Figure 8 (A) Fluorescence imaging of compound 20 under NaCl stress in Arabidopsis thaliana. Scale bar = 10 um. Reprinted with permission from Ref.
[86]. Copyright 2023, Wiley. (B) Compound 21 for fluorescence imaging of hydrazine in root segments (mature region). Scale bar = 300 um. Reprinted with
permission from Ref. [88]. Copyright 2020, Elsevier. (C) Fluorescence imaging of Arabidopsis root tissue using compound 23 under different conditions.
Scale bar = 20 um. Reprinted with permission from Ref. [92]. Copyright 2023, Elsevier. (D) NIR-Ia and NIR-Ib images of the leaf and flower of R. rugosa
under the use of compound 25. Reprinted with permission from Ref. [94]. Copyright 2018, Royal Society of Chemistry (color online).

damage, interference with nutrient uptake and metabolism, ately strong nucleophilic reagent, contains two nitrogen
suppression of growth and development, and detrimental atoms with lone pairs of electrons and four hydrogen atoms
effects on soil and ecosystems [87]. Hydrazine as a moder- in its structure. It exhibits strong reducing properties, high
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alkalinity, and good water solubility. Liu ef al. [88] reported a
novel red-emitting fluorescence probe 21, containing a di-
cyanoethylene moiety for colorimetric and ratiometric de-
tection of hydrazine, demonstrating good sensitivity
(2.88 ppb). This probe was successfully employed for NIR
imaging of fern roots (Figure 8B). Erdemir’s research team
[89] developed a ratio-type NIR fluorescence probe 22 based
on the ICT “Turn Off” mechanism. Probe 22 exhibits high
selectivity, good sensitivity (1.29 uM), and rapid response
time (2.0 min). Notably, this probe was utilized for the lo-
calization of hydrazine in onion tissue through the red and
green fluorescence channels.

Formaldehyde (FA) can lead to plants primarily manifests
as growth inhibition, photosynthesis suppression, damage to
leaf and cell structures, and disruption of nutrient absorption
and metabolic processes. High concentrations of for-
maldehyde can also lead to leaf dehydration and wilting
[90,91]. In response to this issue, Liu’s research group [92]
designed and synthesized an NIR fluorescence “Turn On”
probe 23 based on the “PET off” mechanism for imaging
formaldehyde in physiological environments. In comparison
to the control group (1.8%), the fluorescence quantum yield
of the probe in the presence of FA was observed to be 30%.
Probe 23 exhibited good selectivity with a detection limit of
0.048 uM for FA. After inducing endogenous FA production
in Arabidopsis root tissues with 10% methanol in PBS, the
fluorescence intensity of the root tissue increased 4.9-fold as
compared to the control group (Figure 8C). Furthermore, in
2022, Liu et al. [93] developed a novel NIR fluorescence
probe 24 based on benzopyran and pyrene for cyclic detec-
tion of HSO; and formaldehyde in live plant cells, with a
detection limit for formaldehyde at 105 nM. Fluorescence
confocal microscopy demonstrated that probe 24 can image
trace amounts of formaldehyde in the mitochondria of live
Paulownia root cells.

Cai et al. [94] synthesized a water-soluble, long-wave-
length phthalocyanine derivative with imaging capabilities in
the NIR-Ib region, enabling high-resolution visualization of
water transport in plant growth, vascular systems, and early
anthracnose infection sites. In an aqueous solution, the probe
25 exhibited a maximum absorption peak at 688 nm and
broad emission bands centered at 8§15 and 950 nm. Fluor-
escence imaging demonstrated that the SBR of NIR-Ib
images of red leaves and flowers of IR-820-labeled red roses
was approximately 5-fold and 7-fold higher than NIR-Ia
images, respectively. Furthermore, imaging of water move-
ment in various plant states indicated that branches with
larger leaves or greater leaf numbers exhibited more
pronounced hydraulic channels. NIR-Ib fluorescence ima-
ging was also performed on common plant fungi, anthrac-
nose fungus, and fir fungus, revealing distinct bright spots
and root nodule patches of varying shapes and sizes
(Figure 8D).
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4 Summary and outlook

Understanding molecular dynamics and biological mechan-
isms in living plants has become increasingly important for
figuring out how plants grow and develop, regulate their
metabolism, and react to stress as our understanding of plant
biological processes has improved. In this review, we pro-
vide a concise overview of the implementation of NIR
fluorescent probes in plant imaging and the detection of
plant-associated active molecules, encompassing active
compounds, metal ions, plant hormones, and harmful sub-
stances.

Fluorescent probes have emerged as a crucial and fruitful
imaging technique following decades of advancement. Their
utilization in the early identification of abiotic and biotic
stress in plants provides insightful guidance. Nevertheless,
certain inadequacies persist in the current fluorescence probe
technology for plant physiological and pathological imaging.

Currently, the emission wavelength ranges of probes used
in plant imaging mostly fall within the NIR region
(650-900 nm). However, plant tissues are rich in pigments,
and when used with exogenous fluorescent probes, their
natural fluorescence may interfere with signals. For instance,
the class of plant pigments known as chlorophyll, composed
of porphyrin rings, also exhibits robust absorption and
emission in the NIR region. The presence of chlorophyll may
lead to substantial signal interference, weakening or com-
pletely absorbing the fluorescence intensity of the probe,
ultimately reducing imaging sensitivity and signal-to-noise
ratio [95-98]. Therefore, it is imperative to further redshift
the maximum emission of the fluorescent probe into the
second NIR region (1,000—1,700 nm). The light within this
band possesses strong penetration capability, enabling it to
reach deeper layers of plant tissues. Simultaneously, it is less
influenced by the absorption of plant pigments, effectively
minimizing pigment interference, and facilitating the ac-
quisition of more precise and clear internal plant information
[99-103].

The majority of conventional NIR plant fluorescent probes
are organic compounds with extensive n-conjugated systems
and limited water solubility. However, since most plant cells
and tissues are found in aqueous environments, the presence
of probes in these environments may cause fluorescence
quenching. To produce better imaging results, the probe’s
water solubility must be increased, for example, by adding
hydrophilic substitutes to the compound’s structure, such as
polyethylene glycol groups, sulfonic acid groups, and qua-
ternary ammonium cation groups [104—106]. Water-soluble
probes are more biocompatible and less harmful to biological
samples, promoting plant health and growth. Additionally,
water-soluble probes possess superior intracellular perme-
ability, facilitating rapid and efficient interaction with target
molecules within plant cells, thus yielding more precise
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imaging results. Moreover, water-soluble probes possess
improved in vivo diffusion, resulting in reduced non-specific
background signals in tissues and cells, thereby enhancing
the clarity and accuracy of the imaging process.

Currently, the majority of organic small molecules or in-
organic nanoparticles utilized for detecting factors con-
tributing to abnormal plant growth can only identify and
report a single analyte in plants. However, the concentrations
of these analytes fluctuate dynamically in plants, and they
might even transform into other chemicals while being de-
tected. Hence, researchers need to develop multi-channel
probes to accomplish the task of detecting multiple in-
dicators simultaneously at the same time and space [107—
110]. These probes can concurrently detect various targets,
such as pathogenic microorganisms, metabolites produced
by pathogens, and disease resistance reaction substances in
plants. This comprehensive approach facilitates a thorough
understanding of disease development and pathological
mechanisms, minimizing the chances of omissions and
misdiagnoses.

Additionally, researchers should develop more imaging
modalities for plant-related fields. For example, techniques
such as photoacoustic imaging and Raman imaging offer
great potential. Photoacoustic imaging combines the ad-
vantages of optics and acoustics, providing high-resolution
deep tissue imaging, making it suitable for observing internal
structures in plants like roots, stems, and leaves [111]. Ra-
man imaging can be employed for chemical composition
analysis, stress response studies, growth and development
monitoring, and environmental adaptability research. Fur-
thermore, conducting multimodal imaging can enhance the
reliability of experimental results [112—-116].

In summary, the primary objective for the future is the
practical application of these NIR probes in agriculture. This
necessitates conducting field trials to validate the probes’
performance and providing training to farmers to ensure
effective technology utilization. Moreover, establishing a
data management system will aid farmers in monitoring and
managing crop growth and health, ultimately enhancing
production efficiency. Conducting a cost-benefit analysis is
also crucial to ensure the economic viability of this tech-
nology for farmers and the agricultural industry. Ad-
ditionally, continuous technical support is necessary to
ensure the system’s stable operation, and compliance with
relevant regulations is essential for technology sustain-
ability.
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