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a b s t r a c t

Plants play a crucial role in maintaining ecological balance and biodiversity. However, plant health is eas-

ily affected by environmental stresses. Hence, the rapid and precise monitoring of plant health is crucial

for global food security and ecological balance. Currently, traditional detection strategies for monitoring

plant health mainly rely on expensive equipment and complex operational procedures, which limit their

widespread application. Fortunately, near-infrared (NIR) fluorescence and surface-enhanced Raman scat-

tering (SERS) techniques have been recently highlighted in plants. NIR fluorescence imaging holds the

advantages of being non-invasive, high-resolution and real-time, which is suitable for rapid screening in

large-scale scenarios. While SERS enables highly sensitive and specific detection of trace chemical sub-

stances within plant tissues. Therefore, the complementarity of NIR fluorescence and SERS modalities

can provide more comprehensive and accurate information for plant disease diagnosis and growth status

monitoring. This article summarizes these two modalities in plant applications, and discusses the ad-

vantages of multimodal NIR fluorescence/SERS for a better understanding of a plant’s response to stress,

thereby improving the accuracy and sensitivity of detection.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

It is well-known that plants, as the cornerstone of the Earth’s

ecosystem, provide oxygen for human respiration through photo-

synthesis, establishing the foundation of the food chain, supply-

ing vital resources essential for human survival, and thus making

crop safety an urgent issue of global concern [1,2]. However, plant

growth is susceptible to environmental stresses, such as salinity,

extreme temperatures and drought, which may lead to adverse ef-

fects on the growth of plants, and in extreme cases, can even lead

to their death. Therefore, understanding the physiological condi-

tion and health status of plants is of importance for maintaining

∗ Corresponding authors.

E-mail addresses: zzplbeckham@foxmail.com (Z. Zhang), aying0923@foxmail.com

(L. Xu), junrong.li@ccnu.edu.cn (J. Li), sunyaogbasp@ccnu.edu.cn (Y. Sun).
1 These authors contributed equally to this work.

the balance of ecosystems, enhancing the yield of crops, and en-

suring food security [3-5].

Traditional strategies for monitoring plant stress including

quantitative reverse transcription quantitative PCR (RT-qPCR), re-

veal the gene response of plants to stress by detecting the expres-

sion levels of specific genes, but they require expensive equipment

and long processing duration [6]. Recently, near-infrared (NIR) flu-

orescence imaging and surface-enhanced Raman scattering (SERS)

modalities have emerged as advanced techniques for monitoring

plant stress. Moreover, those two modalities each possess unique

advantages and exhibit complementary relationships [7-10]. On

the one hand, NIR fluorescence imaging can non-invasively and

real-time monitor the health status of plants with high resolu-

tion, which is particularly suitable for rapid screening in large-

scale scenarios. On the other hand, SERS offers an effective tool for

detecting metabolic products and plant hormones in vitro and in

vivo with high sensitivity and specificity. NIR fluorescence technol-

ogy offers macro-level physiological status monitoring, while SERS

https://doi.org/10.1016/j.cclet.2024.110336
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technology focuses on the detection of specific molecular com-

ponents at a micro-level. The combination of the two modalities

enables a more comprehensive and precise assessment of plant

health status and plant disease diagnosis [11-15].

This paper reviews the applications of NIR fluorescence and

SERS in the plant field. Initially, we explain how these two tech-

niques assess the health status of plants through imaging and de-

tection of plant hormones, pigments, fungi, and viruses. We next

introduce the design principles of various NIR fluorescent and Ra-

man probes. Furthermore, we summarize the latest research ad-

vances in the integration of these two modalities, aiming to gain

a multidimensional understanding of the plant’s response to envi-

ronmental stress, thereby providing a scientific basis and technical

support for the development of precision agriculture and crop im-

provement. Finally, we outline the future potential applications of

NIR fluorescence and SERS in plants.

2. Application of NIR fluorescence imaging in plants

The application of NIR fluorescence imaging in plants demon-

strates foresight and significant importance. Renowned for its pro-

vision of strong signals and high signal-to-noise ratio, this tech-

nology is particularly suitable for analyzing plant samples with

high water content. Through highly specific labeling methods, NIR

fluorescence imaging can accurately provide internal information

about cells and biomolecules from plants with high sensitivity and

resolution. This modality enables real-time detection and track-

ing of changes in various components within plant cells, aiding

researchers in better understanding the mechanisms of plant life

processes and revealing their internal complexity [16-18]. Mean-

time, in plant tissue cells, NIR fluorescence imaging exhibits low

absorption and scattering rates, enabling deeper tissue penetra-

tion and significantly increasing imaging depth. Additionally, NIR

fluorescence imaging offers multi-parameter and multi-channel

imaging, allowing for the simultaneous acquisition of informa-

tion on multiple parameters or biomarkers, deepening the under-

standing of regulatory mechanisms and interaction networks in

plant bodies. Its non-invasive and non-destructive nature also ef-

fectively preserves the integrity of plant samples. Based on the

multi-photon absorption effect induced by NIR light excitation,

this modality possesses advantages such as deep tissue penetra-

tion, high spatial-temporal resolution and high signal-to-noise ra-

tio, making it particularly suitable for imaging deep-seated tissues

in living plants. Holding on these merits, NIR fluorescence imaging

has become an indispensable tool in the detection of plant hor-

mones, plant fungi, and other substances within organisms [19-21].

2.1. NIR fluorescence plant imaging

Compared with visible region, NIR fluorescence imaging of-

fers higher imaging resolution, deeper penetration into biologi-

cal matrices, lower optical absorption and scattering, and mini-

mal tissue auto-fluorescence. Therefore, Qian et al. [22] reported an

aggregation-induced emission (AIE)-active probe: APMem1 based

on multiple designed strategies, for live-cell plasma membrane

imaging, which achieved four-dimensional spatiotemporal imag-

ing of plant cell plasma membranes and enabled long-term real-

time monitoring of membrane morphology changes for the first

time (Fig. 1A). The designed APMem-1 could rapidly penetrate

through the cell wall and achieve specific staining of plant cell

plasma membranes in a short time. It possessed advanced prop-

erties, including ultra-fast staining speed, wash-free characteris-

tics, and ideal biocompatibility. Additionally, this probe exhibited

excellent plasma membrane specificity and demonstrated consid-

erable performance in terms of imaging contrast and integrity.

Fig. 1. (A) Schematic illustration of membrane probe design principle with ultra-

high specificity and ultra-long-term imaging performance through multi-strategy

collaboration, suitable for imaging plasma membranes in various plant cells and

different plants. Reproduced with permission [22]. Copyright 2023, Royal Society

of Chemistry. (B) The application and schematic diagram of the principle of such

probes. (C) TPET-Is, TPET-Fu, TPEF-Is, and BODIPY493/503 Green co-localization im-

ages. Scale bar: 60 μm. Reproduced with permission [23]. Copyright 2022, Elsevier.

Moreover, the frequent pH fluctuations in live cells did not sig-

nificantly affect the fluorescence stability of APMem1, facilitating

specific imaging of plasma membranes without interference from

other factors. Validation experiments on different types of plant

cells and various plants convincingly also verified the universal-

ity of APMem1. It is noteworthy that this study utilized multiple

principles to design NIR emissive AIEgens. By introducing a long

alkyl chain at one end and a charged group at the other end, the

target probes acted as amphiphilic molecules. Moreover, the in-

troduction of rigid groups with large steric hindrances effectively

hindered the diffusion-driven penetration of molecular probes. Ex-

periments with DMSO-treated Arabidopsis root cells before and af-

ter confirmed that APMem1 could specifically stain plasma mem-

branes only when membrane structures were completed. There-

fore, the development of this plasma membrane targeting probe

with four-dimensional spatial and ultra-long-time imaging capabil-

ities provided a valuable tool for intuitive and real-time monitoring

of dynamic processes related to plasma membranes.

Recently, Sun et al. [23] synthesized three novel NIR organic

compounds with AIE activity, namely TPET-Is, TPET-Fu, and TPEF-

Is (Fig. 1B). These AIEgens exhibited excellent photo-stability, and

strong lipophilicity, enabling high-fidelity laser-direct-structuring

(LDs) imaging in plant live cells. Moreover, these AIEgens could be

applied to bright imaging of LDs in oil-rich plant tissues. Therefore,

this study provided a potential strategy for LDs’ targeted imaging

and photodynamic therapy (PDT) applications through molecular

engineering with heteroaromatic bridging. It is noteworthy that

the large π-conjugated tetraphenylethene (TPE) with a twisted

structure and strong push-pull effect resulted in narrow molecu-

lar bandgaps, which could lead to red-shifted emission in the NIR

and high reactive oxygen species (ROS) generation efficiency. These

results indicated that TPET-Is, TPET-Fu and TPEF-Is with AIE activ-

ity, and NIR emission characteristics, were beneficial for biological

imaging applications with low background interference.
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Furthermore, the AIE-active probes were more sensitive to po-

larity than viscosity. Hence, these twisted intramolecular charge

transfer (TICT) probes were beneficial for illuminating low-polarity

subcellular LDs in plant cells, aiding in the identification of LDs in

oily plants (Fig. 1C). Through staining LDs based on the principle

of similar solubility, it was found that these probes could selec-

tively target LDs due to their good lipophilicity. With their excel-

lent lipophilicity, they could also be employed for high-resolution

imaging of LDs in oil-rich plants (such as sunflower seeds). Al-

though AIE probes have promising advantages, they also face chal-

lenges: they tend to aggregate in aqueous environments, poten-

tially causing background fluorescence interference; the plant cell

wall may hinder their penetration, affecting the depth of imaging;

and changes in the intracellular environment can also affect their

luminescent properties [24]. Despite facing challenges, we believe

that this technology has the potential to better revolutionize agri-

cultural practices, and we are committed to in-depth research and

continuous innovation to fully leverage its potential.

2.2. Detection of plant hormones

Plant hormones are the key signaling molecules that regulate

plant growth and physiological processes of plants [25]. NIR flu-

orescence offers advantages such as rapidity, accuracy, and non-

destructiveness. By detecting specific fluorescence signals of hor-

mone molecules in plant tissues, rapid determination of plant

hormone levels can be achieved without the need for cumber-

some pretreatment steps. This efficient detection method provides

a powerful tool for physiological research on plants, enabling a

deeper understanding of the mechanisms regulating plant growth

and development, as well as facilitating real-time monitoring of

plant responses to environmental stressors. In turn, this provides

a scientific basis for agricultural production, promoting improve-

ments in crop quality and yield [26,27].

To understand the dynamic growth of plants and their adaptive

responses to external conditions, Strano et al. [28] fabricated am-

phiphilic polymers encapsulating single-walled carbon nanotubes

(SWNTs) to form corona phase nanosensors for detecting plant

growth hormones based on corona phase molecular recognition

strategy (Fig. 2A). Corona phase molecular recognition (CoPhMoRe)

technology utilizes specially designed cationic polymers to wrap

SWNTs, forming a corona phase with unique molecular recog-

nition sites. After screening, it has been found to detect spe-

cific small molecules with high selectivity. These recognition sites

can specifically bind to target molecules through electrostatic in-

teractions and other intermolecular forces, triggering characteris-

tic changes in the near-infrared fluorescence of SWNTs. Mean-

while, SWNTs displayed high photo-stability and promising fluo-

rescence in the NIR range, away from the auto-fluorescence range

of chlorophyll. Moreover, SWNTs maintained good stability even

after penetration for 7 days, making them as ideal probes for in

vivo sensing in plant tissues. Notably, molecular recognition prop-

erties of these nanosensors were realized by the molecular probe

adsorption (MPA) methodology to measure the surface area of ad-

sorbed analytes. Based on this nanosensor, the accumulation of

2,4-dichlorophenoxyacetic acid (2,4-D) in sensitive dicotyledonous

cabbage leaves could be observed after addition of 2,4-D to hy-

droponic culture media for 5h, while no absorption was seen in

resistant monocotyledonous rice leaves (Fig. 2B). Meanwhile, this

nanosensor indicated that 1-naphthalene acetic acid (NAA) was ab-

sorbed more rapidly, suggesting that the levels of NAA and 2,4-D

in plant cells depend on the diffusion rates and differential activity

or expression of the influx and efflux carrier proteins at the cel-

lular and tissue levels. Therefore, these nanosensors were capable

of monitoring the concentration of endogenous growth hormones

synthesized within live plants, providing a new platform for real-

Fig. 2. (A) Schematic diagram illustrating the detection of synthetic auxins in plants

using corresponding nanosensors. (B) Under 785nm laser excitation, pak choi was

infiltrated by a reference sensor, 2,4-D sensor and NAA sensor, and rice leaf was in-

filtrated by a reference sensor and 2,4-D sensor. Scale bar: 5mm. Reproduced with

permission [28]. Copyright 2023, American Chemical Society.

time acquisition of hormone levels in other plants, and aiding our

understanding of the dynamic growth of plants and their adaptive

responses to external conditions.

Although NIR fluorescence has demonstrated advantages in the

detection of plant hormones, some challenges such as the con-

centration range of hormones and the influence of internal plant

structures remained. Additionally, current NIR fluorescence fails

the simultaneous detection of multiple plant hormones or high-

sensitivity detection of trace hormones. To address these issues,

future research can focus on several aspects: Firstly, by integrat-

ing diversified sensing technologies such as SERS modality and

electrochemical sensors, simultaneous monitoring of multiple plant

hormones can be realized, thereby comprehensively understanding

the dynamic changes of hormones during plant growth and devel-

opment. Furthermore, nanomaterials and molecular imaging tech-

nologies can be utilized to improve detection sensitivity and spatial

resolution, enabling precise monitoring of trace hormones and pro-

viding a more comprehensive and reliable solution for plant hor-

mone detection. Holding onto these efforts, there is no doubt that

NIR fluorescence will promote more excellent projects on plant

hormone detection in the future.

2.3. Detection of plant fungi

In China, fungal diseases account for 70% to 80% of all plant

diseases and are widely distributed across various regions. Plants

often exhibit symptoms such as rotting, necrosis, wilting, and de-

formities after infection. However, by the time these symptoms

appear, the plants are already adversely affected [29,30]. There-

fore, Cai et al. [31] reported the first example of an NIR-Ib fluo-

rescence probe not only for investigating plant transpiration but

also for identifying fungal pathogens. Unlike traditional NIR-Ia flu-

orescence imaging (700–900nm), this new fluorescence modality

(NIR-Ib) relied on dyes emitting between 900nm and 1000nm

region. Hence, compared to NIR-Ia fluorescence imaging, NIR-Ib

fluorescence imaging exhibited significantly improved spatial res-

olution, signal-to-background ratio (SBR), and penetration depth.
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Fig. 3. (A) Chemical structure of IR-820 dye and schematic diagram illustrating NIR-

Ia and NIR-Ib fluorescence imaging. (B) NIR fluorescence images (NIR-Ia and NIR-Ib)

showing the leaf and flower of R. rugosa. Reproduced with permission [31]. Copy-

right 2018, The Royal Society of Chemistry.

With a heptamethine cyanine dye (IR-820) (Fig. 3A), they demon-

strated the clear advantages of NIR-Ib fluorescence imaging of

petals, leaves, and stems of various plants with high-quality fig-

ures (Fig. 3B). By imaging of stems infected with fungi, it found

that fungal pathogens in NIR-Ia images were not prominent, but

appeared as clusters of bright spots in NIR-Ib images, with clear

characteristics in terms of shape, size, and morphological features,

indicating that NIR-Ib fluorescence imaging could be used not only

for detecting fungal pathogens but also for species differentiation

of fungal pathogens. The emergence of NIR-Ib fluorescence tech-

nology has brought new possibilities and potential applications for

plant fungal detection [32,33].

2.4. Detection of other substances in plants

Dynamic monitoring and high-resolution characteristics of NIR

fluorescence imaging have led scientists to attempt its applica-

tion in detecting various substances in plants. For example, nitric

oxide (NO) plays multiple physiological roles in plants, involving

root growth, flowering, responses to oxidative stress, pathogen in-

fections, and salinity tolerance [34-39]. Therefore, real-time fluo-

rescence monitoring NO in plants not only provides deeper un-

derstanding of the physiological status and stress response mech-

anisms of plants, but also offers important references for plant

growth management and disease control [40]. Recently, Wu et al.

[41] designed a NO-activatable probe with a benzothiadiazole-core

fluorophore (BNDA), which exhibited strong NIR-II fluorescence

emission and photoacoustic signals. To confer good water dis-

persibility and biocompatibility to BNDA, a host-guest supramolec-

ular complex BNDA-HbCD was prepared through host-guest com-

plexation using 2-hydroxypropyl-β-cyclodextrin (HbCD) (Fig. 4A).

Moreover, the designed BNDA-HbCD displayed good selectivity

and anti-interference performance in detecting NO against various

potential interfering substances. Furthermore, NIR-II fluorescence

imaging and photoacoustic imaging were performed on different

Fig. 4. (A) Illustration depicting the synthesis process of the nanoprobe

BNDA@HbCD. (B) NIR fluorescence images (NIR-II) and white-light photographs of

soybean sprouts from various experimental groups. Reproduced with permission

[41]. Copyright 2022, Elsevier. (C) Illustration depicting the fluorescent imaging pro-

cess of the probe CT-XA-H2O2 for detecting oxidative stress induced by Cd2+ ions or

high-level salt (NaCl) in soybean sprouts and peanut sprouts, through the response

to the in vivo biomarker H2O2. Reproduced with permission [44]. Copyright 2022,

Wiley-VCH.

groups of bean sprouts and it found that the different levels of NO

in the bean sprouts corresponded to different fluorescence intensi-

ties (Fig. 4B).

Environmental pollution, such as heavy metal ions and high salt

stress, threats to the growth of plants. Hydrogen peroxide (H2O2)

serves as another endogenous biomarker within plant bodies, uti-

lized for tracking oxidative stress induced by heavy metal ion con-

tamination (Cd2+) or high salinity (NaCl) [42,43]. Wu et al. [44] re-

ported an activatable NIR-II fluorescent probe, named CT-XA-H2O2,

utilized for monitoring oxidative stress in plant sprouts induced

by Cd2+ contamination or high NaCl salinity through detecting en-

dogenous biomarker H2O2. In the presence of H2O2, the boronate

moiety within the probe CT-XA- providing warning and monitoring

for oxidative stress induced by capability for imaging and detect-

ing in situ biomarkers within plant sprouts, providing warning and

monitoring for oxidative stress induced by Cd2+ or NaCl (Fig. 4C).

The authors further demonstrated that the response of the CT-XA-

H2O2 probe to H2O2 is unaffected by other common ions in soil

and certain reactive oxygen species. Based on the imaging results

of soybean and peanut sprouts, the higher levels of Cd2+ and NaCl

resulted in increased fluorescence intensity, corresponding to ele-

vated stress levels in plants. These results highlighted the ability of

CT-XA-H2O2 to track non-biological stress inducing by NaCl in soy-

bean and peanut sprouts through in vivo NIR-II fluorescence imag-

ing.

Recently, Giraldo et al. [45] reported a NIR nanosensor:

HeAptDNA-SWNT (Fig. 5A). Through non-covalent functionaliza-

tion, SWNTs were encapsulated in a layer of DNA aptamer se-

quences and hemoglobin, which endowed its high sensitivity and

specificity in detecting plant H2O2. Due to the presence of hemin,

HeAptDNA-SWNT could effectively catalyze a Fenton-like reaction,

generating hydroxyl radicals from H2O2 and quenching its fluores-

cence emission in a concentration-dependent manner similar to

4
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Fig. 5. (A) Monitoring plant health in real-time using SWCNT sensors for detecting

H2O2. SWCNTs, functionalized with a DNA aptamer specific to hemin (HeAptDNA-

SWCNT), exhibit a decrease in NIR fluorescence when they interact with H2O2 pro-

duced during plant stress. The spatial and temporal variations in NIR fluorescence

intensity in leaves containing HeAptDNA-SWCNT sensors are remotely captured us-

ing an NIR camera to evaluate the plant’s health condition. Reproduced with per-

mission [45]. Copyright 2020, American Chemical Society. (B) Cy-CO2Bz and Cy-

CO2Et compounds are utilized for tracing salt stress in plants and for enhancing

photothermal therapy of tumors. Reproduced with permission [47]. Copyright 2022,

Wiley-VCH.

protonation reactions, facilitating quantitative analysis. Moreover,

the nanosensor demonstrated specific recognition of H2O2, as its

NIR fluorescence signal was unaffected by substances such as Ca2+,
sucrose, glucose, methyl salicylate, abscisic acid, and jasmonic acid.

It is noteworthy that HeAptDNA-SWNT is a reversible sensor ca-

pable of real-time reporting of physiological levels of H2O2 in

plant tissues. More importantly, the NIR emission intensity of

HeAptDNA-SWNT significantly decreased (∼9.4%) at an H2O2 con-

centration of 10μmol/L, and with increasing H2O2 concentration,

the NIR emission intensity further decreased to ∼12.9%, achieving

highly sensitive responses within the physiological range of plant

H2O2concentrations (10–100μmol/L). In brief, such nanosensor was

capable of real-time detection and quantitative analysis of biolog-

ical processes in plants, providing a new tool for early prevention

of plant diseases.

Salt stress refers to the condition where the salt content in

the soil exceeds the upper limit of tolerance for crops, thereby

affecting normal plant growth. Therefore, to better construct a

plant salt stress monitoring system [46], Yang et al. [47] reported

two types of aza-IR780 heptamethine cyanine dyes containing N-

amidomethyl groups, which could form J-aggregates under NaCl in-

duction. Among them, Cy-CO2Bz exhibited a good fluorescent re-

sponse to NaCl, serving as a sensitive indicator for tracking ac-

tive root tips and the overall degree of salt stress, while effectively

avoiding background signals produced by chlorophyll. N-Ethyl oxy-

carbonyl substituted Cy-CO2Et formed tightly packed J-aggregates

under NaCl conditions, significantly increasing the molar absorp-

tivity (Fig. 5B). Compared with the monomers of anthocyanins,

both the absorption and emission bands of J-aggregates under-

went a red shift, resulting in promising in vitro and vivo fluores-

cence performance. Sodium salts containing only halide and ni-

trite ions promoted the formation of broad absorption bands, while

sodium salts containing only halide ions caused Cy-CO2Et to form

J-aggregates. Therefore, NaCl exerted strong regulatory effects on

the formation of these two anthocyanin aggregates. With the in-

crease of NaCl concentration in water, the intensity of the absorp-

tion band (770nm) of Cy-CO2Bz monomer gradually decreased,

while the absorption intensity of J-aggregates increased. Cy-CO2Bz

could effectively penetrate into Arabidopsis tissues, and with the

increase of probe concentration, the fluorescence image produced

by the leaves gradually decreased, consistent with the observa-

tion of aggregation-induced quenching in vitro studies. By observ-

ing confocal laser scanning microscopy images of Arabidopsis root

tips and in vivo images, it found that after further treatment with

NaCl stress, significant fluorescence changes could be observed in

Arabidopsis.

NIR fluorescence imaging enables non-invasive observation of

gene protein expression and various cellular activities in plant

organisms. Compared with magnetic resonance and radioisotope

imaging, NIR fluorescence imaging has low photon detection

thresholds, resulting in higher sensitivity, making it capable of de-

tecting minute components in plant tissues. Each probe is designed

specifically for a particular molecular target, resulting in strong

specificity and the ability to avoid interference from other compo-

nents in plant cell matrices. Additionally, NIR fluorescence imag-

ing has low scattering rates, allowing for strong tissue penetra-

tion, providing scientists with deeper understanding and cognition

of substances in plants that are either undiscovered or difficult to

detect. Unlike bioluminescence imaging, NIR fluorescence imaging

does not require genetic modification, making the operation rel-

atively simple. Currently, NIR fluorescence imaging is still in the

early stage of plant science, which presents significant challenges

[48].

3. The application of SERS in the field of plants

Nowadays, SERS and SRS technologies are playing an increas-

ingly role in the field of plant health monitoring. Herein, we pri-

marily focused on SERS technology [49,50]. SERS technology com-

bines the high sensitivity of Raman scattering with surface en-

hancement effects, enabling high sensitivity and high-resolution

imaging of molecules in plants at the microscale. Based on SERS

technology, non-destructive and real-time analysis of chemical

components on the surface and inside plants can be achieved. Due

to its highly sensitive nature, SERS can accurately detect trace ac-

tive substances in plant samples. These active substances include

but are not limited to secondary metabolites inside plants, hor-

mones, pigments, and fungi. Based on SERS, researchers can ob-

serve the spatial distribution and concentration changes of these

active substances in plant tissues. Moreover, SERS also act as

powerful tool for studying plant physiological metabolism, resis-

tance mechanisms, medicinal value, and more, contributing to a

deeper understanding of internal chemical information in plants

and advancing progress and applications in the field of plant

science.

3.1. SERS plant imaging

The SERS imaging of cells in plant tissues is of paramount

importance for gaining insights into plant-microbe interactions,

studying plant health, disease resistance mechanisms, and micro-

bial ecology in agriculture and ecosystems [51]. Firstly, SERS imag-

ing enables researchers to monitor and evaluate microbial com-

munities within plant tissues in real time, both on the surface

5
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Fig. 6. Schematic diagram of SERS imaging analysis of bacterial cells between plant

tissues. Reproduced with permission [54]. Copyright 2020, Elsevier.

and internally. This is crucial for the early detection of plant

pathogen infection and for evaluating plant health conditions. Sec-

ondly, it provides insight into the location of microbes within

plants. Through SERS imaging, the precise positioning of bacte-

rial cells within plant tissues could be identified with high res-

olution, aiding in understanding microbial distribution and colo-

nization patterns within plants. This is significant for research on

plant-microbe interactions, ecology, and pest control. Thirdly, SERS

not only offers morphological information about bacterial cells, but

also allows for monitoring of microbial metabolic activities. Anal-

ysis of SERS signals provided information about the physiological

status and metabolic products of microbes within plant tissues,

in which is helpful to understand microbial functions and activ-

ities. Lastly, it has implications for agriculture and environmen-

tal monitoring. For example, SERS imaging enables analysis of mi-

crobial communities in soil to improve soil health and ecosystem

management. Additionally, SERS imaging can be utilized for moni-

toring environmental microbes, assessing environmental pollution,

and evaluating ecosystem health [52,53].

However, effective imaging and in situ monitoring strategies for

bacteria within plant tissues without damaging the plant tissue are

still limited. Faced with this issue, He et al. [54] pre-labeled bacte-

ria with 3-mercaptopropionic acid to allow for complexation with

silver nanoparticles, forming panoramic chemical images of bacte-

rial populations through SERS (Fig. 6), which realized in situ moni-

toring of bacterial cells in plant tissues on a large scale. The results

indicated that spinach leaves exhibited the strongest SERS signal

depth, possibly due to the high optical transparency of the tis-

sue, allowing better laser penetration. Despite the rough and ran-

dom surface of jackfruit, SERS microscopy could still image bac-

terial distribution on its surface. Additionally, it also found that

peanut shells adsorbed the bacterial inoculum, resulting in no-

ticeable discoloration upon contact with the shell. Therefore, SERS

could be used for analyzing bacterial communities in plant tissues

and researchers could scan large areas of bacterial colonies in nat-

ural substrates. Thus, SERS was expected to stimulate new research

in studying bacterial distribution, internalization, and attachment

in plant structures and bacterial-plant interactions. However, this

method still has limitations when dealing with thicker leaves and

is insensitive to certain restricted structures, necessitating further

improvement.

3.2. Plant hormone detection

Gibberellins, auxins, cytokinins, abscisic acid and ethylene are

among the key hormones that aid plants in coping with envi-

ronmental stresses such as drought, salinity, and pest infestations,

thereby enhancing their resilience [55]. Hence, understanding and

mastering the mechanisms of plant hormones is paramount for

Fig. 7. (A) Schematic diagram of the detection principle of abscisic acid using SERS

aptamer sensor. Reproduced with permission [58]. Copyright 2022, Springer. (B) De-

tection scheme for the plant volatile biomarker methyl salicylate using SERS. Repro-

duced with permission [61]. Copyright 2022, American Chemical Society.

plants including facilitating agricultural production, increasing crop

yields, and effectively ensuring sustained plant health and growth

[56]. For example, when the levels of abscisic acid (ABA) deviate

from normal, it can significantly impact wheat yield [57]. To ad-

dress this issue, Hu et al. [58] designed a SERS aptamer sensor 1,

incorporating 4-mercaptobenzoic acid (4-MBA) between gold cores

and silver shells to stabilize SERS signals and prevent external ma-

trix interference (Fig. 7A). Meanwhile, they used biotinylated com-

plementary DNA (cDNA) strands coupling with Fe3O4 magnetic

nanoparticles (MNPs) as capture probes and ABA aptamer termi-

nally modified with Ag-S covalently bonded thiol groups linked

to Au@Ag nanoparticles (NPs) as signal probes. In the presence of

ABA, the aptamer preferentially bonded to ABA molecules, thus re-

leasing the signal probe by the capture probe, resulting in the de-

creased SERS intensity of 4-MBA upon magnetic separation. This

allows for the quantitative measurement of ABA levels in samples

based on the inverse relationship between 4-MBA’s SERS intensity

and ABA concentration, achieving high sensitivity and selectivity in

ABA detection. Notably, this new ABA detection strategy offered a

wider linear range, lower detection limits, and significantly higher

sensitivity, even outperforming chromatography by five orders of

magnitude and requiring only a few seconds for detection. Selec-

tivity tests demonstrated the sensor’s excellent specificity towards

ABA even in the presence of other endogenous hormones like gib-

berellin A3 (GA3), indole-3-acetic acid (IAA), and cytokinin (CTA).

This high-performance SERS aptamer sensor not only enabled sen-

sitive detection of ABA in plants but also held promise for analyz-

ing other endogenous hormones in plants.

Furthermore, methyl salicylate (MeSA) is a volatile organic

compound (VOC) released in significant quantities by plants dur-

ing pathogen infection [59]. The quantitative detection of MeSA

enables the rapid diagnosis of plant diseases. Hence, the de-

velopment of a rapid, sensitive, and reusable MeSA detection

method could well meet the demands of plant disease moni-

toring [60]. Zhao et al. [61] fabricated a SERS sensor 2 utiliz-

ing 4-mercaptophenylboronic acid (MPBA)-functionalized AuNPs

for MeSA detection (Fig. 7B). Utilization of MPBA-functionalized

AuNPs as SERS probes, the SERS signal of MPBA decreased in the

presence of MeSA vapor, which was attributed to the weak interac-

tions between MPBA and MeSA. By measuring changes in the SERS

signal, MeSA vapor can be detected with high sensitivity. More-
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Fig. 8. (A) Schematic diagram illustrating the detection of plant aflatoxin using the

Raman spectroscopy technique. (B) SERS spectra of 1000μg/kg pure aflatoxin extrac-

tion solvent (70% MeOH) and aflatoxin-contaminated samples at different concen-

trations below. Reproduced with permission [64]. Copyright 2014, American Chem-

ical Society.

over, this sensor displayed good reproducibility, reusability, and

specificity towards other common leaf volatile organic compounds.

Thus, this research not only provided a novel tool for the rapid and

sensitive detection of plant volatile compounds but also supported

studies on signal transduction between plants and plant disease

monitoring.

3.3. Detection of plant fungi

Early detection and accurate identification of fungi in plants are

crucial for safeguarding crop health and the introduction of SERS

technology offers new potentials for fungal detection. For exam-

ple, researchers have successfully utilized SERS to detect various

fungi in plants, including powdery mildew pathogens and aflatoxin

[62]. For instance, aflatoxin is a common fungal toxin in corn that

poses health risks to humans and animals. However, the employ

of current SERS in the aflatoxin detection still faces some tech-

nical challenges including the preparation and stability of metal

substrates [63]. Therefore, Murray et al. [64] proposed a simple

and rapid SERS method for on-site detection of aflatoxin in corn

(Fig. 8A). Initially, the authors prepared corn powder samples con-

taining different concentrations of aflatoxin which were then ex-

tracted using a methanol/water extraction solvent. Subsequently,

Ag NPs were employed to prepare SERS substrates, followed by

mixing the SERS substrates with the sample extract solution for

SERS measurement. The results indicated that SERS possessed high

sensitivity, specificity, and rapidity, serving as a high-throughput

analytical tool for the rapid detection and analysis of corn samples

(Fig. 8B).

Despite this successful example, much effort should be paid

to promote this field [65]. Firstly, there is a need to encourage

more research institutions to engage in relevant studies. Secondly,

interdisciplinary cooperation can be strengthened, integrating ex-

pertise from biology, spectroscopy and nanotechnology to collec-

tively tackle the challenges. Additionally, efforts should be made to

encourage and support the conduct of relevant research projects,

allocating more funds for in-depth research on optimization of

Fig. 9. (A) Bar chart showing fitting coefficients for carotenoids (in brown) and

chemical extraction values of carotenoids (in grey) as a function of non-biological

stress duration. (B) Diagram demonstrating concurrent detection of anthocyanins

and carotenoids in plants via Raman spectroscopy technology. Reproduced with per-

mission [71]. Copyright 2017, Proceedings of the National Academy of Sciences of

the United States of America. (C) Transfer 3-week-old wild-type seedlings into +N

and -N hydroponic culture media respectively, and measure Raman spectra after

3 days of cultivation. Reproduced with permission [74]. Copyright 2020, Frontiers

Media S.A. (D) Normal Raman spectrum (black) and SERS spectrum (dashed) of

pure turnip yellow mosaic virus (TYMV). SERS spectra of 1 μL extracts from healthy

leaves (blue) and TYMV-infected leaves (red). Reproduced with permission [75].

Copyright 2013, Wiley-VCH.

SERS technology. Through these efforts, it can expect more break-

throughs in SERS technology research in the field of plant fungi

detection, further expanding its application in agricultural produc-

tion and food safety [66-68].

3.4. Detection of other substances in plants

Plant pigments only impart various colors to plants but also

play key roles in photosynthesis and plant growth and develop-

ment [69]. Through SERS technology, plant pigments can be de-

tected and characterized with high sensitivity, which facilitates the

detection of pigments at the level of individual plant cells. There-

fore, the importance of SERS modality in studying plant pigments

is evident, as it reveals molecular-level information about plant

pigments, providing crucial support and insights for further explo-

ration of plant life processes [70].

Plant growth is easily influenced by changes in the natural en-

vironment, such as drought and cold, which lead to alterations in

the physiological, biochemical, and morphological characteristics of

plants. Currently, many methods for assessing plant biochemical

properties rely on destructive chemical analyses, which are time-

consuming, and may involve toxic chemicals. To overcome these

challenges, Scully et al. [71] proposed a high-throughput stress

phenotype analysis method based on Raman spectroscopy technol-

ogy. From the SERS detection results, they observed the changes in

the concentrations of carotenoids and anthocyanins in plants under

four common abiotic stress conditions: high soil salinity, drought,

low temperature, and light saturation (Fig. 9A). Thus, SERS en-

abled high-throughput stress phenotype and early stress detection

in plants (within 48h), with higher sensitivity and the ability to si-

multaneously detect carotenoids and anthocyanins (Fig. 9B). Based

on these results, anthocyanins and carotenoid change all four abi-

otic stress factors and they have been also found to act as signal-

ing molecules for plant stress. Finally, the further chemical analy-

ses also validated the accuracy of SERS detection, which confirmed

the feasibility of SERS for these pigments.

Nitrogen is one of the crucial nutrients for plant growth and

development and it primarily exists in the soil in the forms of ni-

trate (NO−
3 ) and ammonium (NH+

4 ), which plants absorb through
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their roots. Enabling them to withstand such as drought and high

temperatures. Therefore, accurate monitoring and management of

plant nitrogen status are crucial for achieving sustainable and effi-

cient agriculture [72,73]. Park et al. [74] recently utilized Raman

technology to achieve rapid diagnosis of nitrogen status by de-

tecting nitrate levels in plant leaves. Through studying Arabidopsis

thaliana and two leafy vegetable species, it found that Raman spec-

troscopy accurately detected changes in nitrate levels caused by ni-

trogen deficiency (Fig. 9C). Arabidopsis thaliana and two leafy veg-

etables were selected as models and were cultivated on nitrogen-

containing and nitrogen-free media, observing leaf yellowing due

to nitrogen deficiency. Then, the total chlorophyll and nitrate con-

tents in the leaves were measured using Raman spectroscopy and

it discovered a strong Raman peak in nitrate molecules. There-

fore, it proposed using the nitrate Raman peak as an indicator of

plant nitrogen status. Finally, by comparing wild-type Arabidopsis

thaliana with mutants, it found a significant decrease in the in-

tensity of the nitrate Raman peak in mutants, consistent with the

decrease in their nitrate content.

Plant viruses disrupt normal physiological processes that cause

serious harm to plant growth and development. For example,

turnip yellow mosaic virus (TYMV) affects cruciferous vegetables

such as turnips, radishes, and cabbage. Traditional polymerase

chain reaction require lengthy analysis time and complex sample

processing steps. Raman spectroscopy technology, with its rapid,

non-destructive nature and ability to provide rich structural and

chemical information, is considered a potential method for plant

virus detection. Chung et al. [75] utilized Raman spectroscopy tech-

nology and SERS technology to measure and compare cabbage

plants infected with TYMV and healthy plants. The results showed

that Raman could differentiate between infected and non-infected

plants, providing a potential alternative method for screening plant

virus infections (Fig. 9D). As seen in the SERS spectrum, the char-

acteristic peaks of TYMV were significant and intense, demonstrat-

ing the high sensitivity of SERS technology for TYMV detection.

Furthermore, by comparing the differences in metabolite compo-

sitions of healthy and infected leaves SERS not only effectively

identified infections, but also visualized the discriminative abil-

ity between healthy and infected samples in a two-dimensional

space. This study provided a reference for further studying

the metabolic pathways of plant virus infections and plant

physiology.

4. The combining modality of fluorescence and SERS in the

field of plants

The combination of Fluorescence imaging and SERS modali-

ties can provide detailed and precise information on various as-

pects of plant physiology, growth monitoring, disease detection,

and screening of active compounds [76]. For example, fluorescence

imaging can be used to monitor the photosynthetic efficiency of

plants, while SERS technology can be used to detect specific chem-

ical substances on the surface or within plants, such as pesticide

residues or heavy metals. In the given example, Kwak’s research

team [77] simply integrated these two techniques to monitor the

health status of plants. They synthesized an intracellular SERS sen-

sor, termed sensor 3, by first reducing silver nitrate onto thiolated

silica NPs using hexadecylamine to synthesize silver nanoshells

(AgNS), enhancing NIR Raman scattering intensity (Fig. 10A). Sub-

sequently, they modified the surface of AgNS with a water-soluble

cationic polymer, poly(diallyldimethylammonium chloride) (PDDA),

to improve water compatibility. Once loosely coiled PDDA poly-

mer chains attracted relevant signal molecules from plants, these

molecules were localized near the surface of AgNS, resulting in

highly enhanced Raman signals. Through electrostatic interactions,

sensor 3-PDDA attracted endogenous ATP (eATP) from within the

Fig. 10. (A) Schematic diagram of sensor design utilizing 3. (B) Diagram depicting

SERS detection by the sensor under non-biological stress. Reproduced with permis-

sion [77]. Copyright 2023, Springer Nature. (C) Detection of early salinity stress by

GA family. (D) Representative spectra of GA3-SWNT sensor obtained using NIR cam-

era (orange) and coupled Raman/NIR fluorescence spectrometer (green dots). Repro-

duced with permission [80]. Copyright 2023, Springer American Chemical Society.

plant, then captured eATP near the surface of AgNS by forming

multiple hydrogen bonds, achieving the goal of monitoring eATP

within the plant. It is noteworthy that sensor 3 could enter plants

through stomata and localize within intercellular spaces, enabling

faster detection of low concentrations of relevant signal molecules.

Due to their different SERS absorption bands, ATP, salicylic acid

(SA), IAA, and folic acid (FA) were simultaneously detected with

increasing concentration, even in the presence of other molecules,

demonstrating the feasibility of sensor 3 for simultaneous detec-

tion of multiple chemical analytes. Experimental evidence showed

that due to the strong interaction between the thiol group of glu-

tathione and the AgNS surface of the sensor, sensor 3 easily de-

tected the transport of endogenous glutathione on the cell wall,

manifesting as a SERS signal at 643 cm−1 (Fig. 10B).

Subsequently, scientists further ingeniously combined NIR flu-

orescence imaging with SERS imaging for monitoring the gib-

berellins (GAs) within plant organisms. GAs are a crucial class of

hormones for plant growth and sensitive signaling molecules in

living plants. When plants face environmental stresses (e.g., salinity

and drought), the GA levels in plant tissues fluctuate, particularly

in the roots. GAs containcarboxyl groups, and most plant hormones

containing carboxyl groups primarily exist in deionized forms in

plants [78,79]. Based on this feature, Strano et al. [80] synthesized

a library of SWCN sensors encapsulated by different amphiphilic

polymers using the corona phase molecular recognition platform.

The designed carbon nanotubes emitted NIR fluorescence and em-

bedded with charged styrene derivative monomers, enabling spe-

cific recognition of GAs through electrostatic interactions and hy-

drogen bonding. In plant or cell environments, two screened spe-

cific sensors were separated in roots of basil plants containing GA3

and GA4, respectively, and both of them exhibited fluorescence en-

hancement after a certain period (Fig. 10C). By contrast, the refer-

ence sensors for the GA family showed no change, confirming the

specificity of detection. Meanwhile, the Raman G-band in the sen-

sors could not only be used to label biological cells but also serve

as an internal reference for fluorescence emission normalization

(Fig. 10D). The intensity of the Raman of G-band of carbon nan-

otubes was linearly related to concentration at low concentrations,

allowing for fluorescence standardization of carbon nanotubes us-

ing the Raman G-band in plant samples, thereby eliminating flu-

orescence variations caused by uneven concentrations. This inno-

vation successfully addressed the challenge of requiring active and
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reference sensors to be placed simultaneously on the same tissue

in the past, significantly simplifying instrument requirements and

enabling GA measurement without the need for a reference.

In conclusion, the combined use of fluorescence imaging and

SERS technology provides a powerful tool for plant science re-

search and agriculture, offering detailed information on plant phys-

iology and chemical states. This contributes to improving crop

yield and quality, as well as ensuring food safety. With advance-

ments in technology and cost reduction, the combined application

of these two technologies is expected to be more widely adopted

in the future.

5. Summary and perspective

As our understanding of plant biology deepens, insights into

the molecular dynamics and biological mechanisms of living plants

have become increasingly crucial. This not only helps to reveal the

mysteries of plant growth and development but also aids in un-

derstanding how they regulate metabolism and respond to envi-

ronmental stress. This paper reviews the design principles, syn-

thetic strategies, and applications in plant research of various types

of fluorescent probes, and discussed the design principles and po-

tential applications in the plant field of various types of Raman

sensors. This review particularly emphasized the important role of

fluorescence detection and SERS modalities in the imaging and de-

tection of plant chemicals, hormones, pigments, fungi, viruses, etc.

[81,82].

Both of fluorescence and SERS detection technology have

unique advantages and limitations. They can complement each

other in certain aspects, jointly promoting the progress of plant

scientific research and agricultural production. For example, NIR

fluorescence technology comprehensively assesses the physiologi-

cal state of plants through macroscopic monitoring methods, while

SERS technology uses its microscopic detection capabilities to accu-

rately identify specific molecules within the plant body. The com-

bination of these two technologies provides strong support for a

comprehensive assessment of plant health status, significantly im-

proving the accuracy of plant disease diagnosis and the precision

of growth monitoring, bringing a new and efficient tool for plant

health management [83].

The combined application of NIR fluorescence and SERS tech-

nologies in the field of plant detection has indeed demonstrated

significant potential, but it also faces a series of challenges. Firstly,

the auto-fluorescence of plants can interfere with the detection

of SERS signals or NIR markers, affecting the clarity of imaging

and posing obstacles to precise analysis [84]. Future research di-

rections should consider integrating with NIR-II region fluores-

cence technology to circumvent these interferences [85-88]. More-

over, although SERS technology is renowned for its high speci-

ficity and sensitivity, the issue of signal reproducibility remains to

be addressed, limiting its application in quantitative analysis [89].

The emergence of digital colloidal enhanced Raman spectroscopy

(dCERS) technology, which employs single-molecule counting, pro-

vides a new solution for achieving high sensitivity and accu-

rate quantification of ultra-low concentration molecules [90]. In

the field of plant health detection, we propose the development

of intelligent monitoring devices for plants, inspired by the con-

cept of wearable devices such as smartwatches for humans. These

devices would be capable of real-time monitoring of plant bi-

ological indicators, providing immediate and accurate data sup-

port for plant health management, thus leading to revolutionary

progress in the field [91]. This innovative monitoring method could

not only enhance the efficiency and accuracy of plant detection

but also is expected to have a profound impact on agricultural

technology.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

CRediT authorship contribution statement

Shu Tian: Writing – original draft, Methodology, Data curation.

Wenxin Huang: Writing – review & editing, Formal analysis, Data

curation. Junrui Hu: Writing – review & editing. Huiling Wang:

Visualization, Validation, Formal analysis. Zhipeng Zhang: Writing

– review & editing, Resources, Formal analysis. Liying Xu: Writing

– review & editing, Data curation. Junrong Li: Writing – review &

editing, Visualization, Supervision, Methodology. Yao Sun: Writing

– review & editing, Supervision, Project administration, Conceptu-

alization.

Acknowledgments

This work was funded by the National Natural Science Foun-

dation of China (Nos. 22374055, 22022404, 22074050, 82172055),

the National Natural Science Foundation of Hubei Province (No.

22022CFA033), and the Fundamental Research Funds for the Cen-

tral Universities (Nos. CCNU24JCPT001, CCNU24JCPT020). The au-

thors have reported that they have no relationships relevant to the

contents of this paper to disclose.

References

[1] J.M. Jez, S.G. Lee, A.M. Sherp, Science 353 (2016) 1241–1244.
[2] K. Pawlak, M. Kołodziejczak, Sustainability 12 (2020) 5488.

[3] B. Bokor, C.S. Santos, D. Kostoláni, et al., J. Hazard. Mater. 416 (2021) 126193.

[4] Y.D. Pang, M.J. Lu, H. Rha, et al., Sci. China Chem. 67 (2024) 774–787.
[5] A. Savvides, S. Ali, M. Tester, V. Fotopoulos, Trends Plant Sci. 21 (2016)

329–340.
[6] D.J. Huang, J.Q. Huo, W.B. Liao, Plant Sci. 302 (2021) 110733.

[7] R. Paul, A. Saville, J.C. Hansel, et al., ACS Nano 13 (2019) 6540–6549.
[8] Y.L. Xu, C.L. Li, J. An, et al., Sci. China Chem. 66 (2023) 155.

[9] M.M. Ali, N.A. Bachik, N.A. Muhadi, T.N.T. Yusofa, C. Gomes, Physiol. Mol. Plant

Pathol. 108 (2019) 101426.
[10] C.L. Li, L. Tu, J. Yang, et al., Chem. Sci. 14 (2023) 2901.

[11] K. Xiao, J. Luo, W.L. Fowler, et al., Biomaterials 30 (2009) 6006–6016.
[12] Y.L. Xu, Y. Dou, Q. Li, et al., Coord. Chem. Rev. 493 (2023) 215320.

[13] J. Yuan, C.B. Sun, X.Y. Guo, et al., Food Chem. 221 (2017) 797–802.
[14] M.E. Graziotto, C.J. Kidman, L.D. Adair, et al., Chem Soc. Rev. 52 (2023)

8295–8318.

[15] Z. Zhang, P. Chen, Y. Sun, Molecules 28 (2023) 5360.
[16] Y.L. Xu, W. Tuo, L. Yang, et al., Angew. Chem. Int. Ed. 61 (2022) e202110048.

[17] D. Cozzolino, Comput. Electron. Agr. 212 (2023) 108078.
[18] X. Wang, Z.B. Zeng, J.H. Jiang, Y.T. Chang, L. Yuan, Angew. Chem. Int. Ed. 55

(2016) 13658–13699.
[19] L. Tu, C.L. Li, Q. Ding, et al., J. Am. Chem. Soc. 146 (2024) 8991.

[20] J.B. Li, H.W. Liu, T. Fu, et al., Trends Chem. 1 (2019) 224–234.
[21] N.S. Yagi, A. Yoshinari, R.J. Iwatate, et al., Plant Cell Physiol. 62 (2021)

1259–1268.

[22] J.Q. Zuo, E.G. Zhu, W.J. Yin, et al., Chem. Sci. 14 (2023) 2139–2148.
[23] Z.G. Sun, S.M. Shi, P.L. Guan, B. Liu, Spectrochim. Acta A 272 (2022) 120946.

[24] Z.R. Zhu, Q. Wang, H.Z. Liao, et al., Natl. Sci. Rev. 8 (2020) nwaa198.
[25] S. Yamaguchi, Annu. Rev. Plant Biol. 59 (2008) 225–251.

[26] T.T.S. Lew, M.Y. Park, J.Q. Cui, M.S. Strano, Adv. Mater. 33 (2020) 2005683.
[27] T.T.S. Lew, R.J. Sarojam, I.C. Jang, et al., Nat. Plants 6 (2020) 1408–1417.

[28] M.C.Y. Ang, N.H. Dhar, D.T. Khong, et al., ACS Sensors 6 (2021) 3032–3046.

[29] A. Drenth, D. Guest, Annu. Rev. Phytopathol. 54 (2016) 373–395.
[30] J.D. Scholes, S.A. Rolfe, Funct. Plant Biol. 36 (2009) 880.

[31] G.J. Deng, F.M.H. Cheung, Z.H. Sun, et al., Chem. Commun. 54 (2018)
13240–13243.

[32] G.S. Hong, J.C. Lee, J.S.T. Robinson, et al., Nat. Med. 18 (2012) 1841–1846.
[33] C.L. Li, Y.L. Xu, L. Tu, et al., Chem. Sci. 13 (2022) 6541.

[34] J.S.Y. Ni, H.X. Liu, J.K. Liu, et al., Mater. Chem. Front. 2 (2018) 1498–1507.

[35] A. Nicol, K.W. Wong, R.T.K. Kwok, et al., ACS Appl. Mater. Interfaces 9 (2017)
28298–28304.

[36] Y. Liu, S. Wang, Y. Ma, et al., Adv. Mater. 29 (2017) 1606129.
[37] C.J. Reinhardt, E.Y. Zhou, M.D. Jorgensen, G. Partipilo, J. Chan, J. Am. Chem. Soc.

140 (2018) 1011–1018.
[38] D.D. Thomas, Redox Biol. 5 (2015) 225–233.

9



S. Tian, W. Huang, J. Hu et al. Chinese Chemical Letters 36 (2025) 110336

[39] N. Fancy, A.K. Bahlmann, G.J. Loake, Plant Cell Environ. 40 (2016) 462–472.

[40] P. Domingos, A.M. Prado, A. Wong, C. Gehring, J.A. Feijo, Mol. Plant 8 (2015)

506–520.
[41] J.J. Chen, L.Q. Chen, Y.C. Fang, F. Zeng, S.Z. Wu, Cell Rep. Phys. Sci. 3 (2022)

100570.
[42] Y. Cheng, X. Li, M. Fang, et al., J. Hazard. Mater. 438 (2022) 129511.

[43] B. Castro, M. Citterico, S. Kimura, et al., Nat. Plants 7 (2021) 403–412.
[44] Y. Long, J.J. Chen, F. Zeng, S.Z. Wu, Aggregate 4 (2022) e288.

[45] H.H. Wu, R. Nißler, V. Morris, et al., Nano Lett. 20 (2021) 533.

[46] A. Tassoni, M. Franceschetti, N. Bagni, Plant Physiol. Bioch. 46 (2008) 607–613.
[47] X.X. Ma, Y.R. Huang, W.J. Chen, et al., Angew. Chem. Int. Ed. 62 (2022)

e202216109.
[48] C.L. Li, L. Tu, Y.L. Xu, et al., Angew. Chem. Int. Ed. 63 (2024) e202406392.

[49] J.R. Li, M.Q. Li, A. Wuethrich, et al., Anal. Chem. 96 (2024) 7651.
[50] B. Ma, L.L. Nian, N.U. Ain, et al., Plants 11 (2022) 3101.

[51] Y. Liu, H.B. Zhou, Z.W. Hu, et al., Biosens. Bioelectron. 94 (2017) 131–140.
[52] C.A. Szafranski, W. Tanner, P.E. Laibinis, R.L. Garrell, Langmuir 14 (1998)

3570–3579.

[53] T.X. Yang, Z.Y. Zhang, B. Zhao, et al., Anal. Chem. 88 (2016) 5243–5250.
[54] M.E. Hickey, L.L. He, Talanta 225 (2021) 122008.

[55] T. Zhao, W. Liu, Z. Zhao, et al., BMC Plant Biol. 19 (2019) 572.
[56] Y.C. Zhu, Q.Y. Wang, Z.W. Gao, et al., Int. J. Mol. Sci. 22 (2021) 7313.

[57] B. Qi, C. Wu, H. Liang, et al., Sustainability 13 (2021) 6998.
[58] Y.Y. Zhang, L.Z. Li, H. Zhang, et al., Anal. Bioanal. Chem. 414 (2022) 2757–

2766.

[59] A. Kessler, I.T. Baldwin, Science 291 (2001) 2141–2144.
[60] Y. Fang, H. Bullock, S.A. Lee, et al., Biosens. Bioelectron. 85 (2016) 603–610.

[61] C. Song, Y.C. Wang, Y. Lei, J. Zhao, J. Phys. Chem. C 126 (2022) 772–778.
[62] R. Fuchs, M. Kopischke, C. Klapprodt, et al., Plant Cell 28 (2015) 130–145.

[63] S.Z. Weng, X.J. Hu, J.H. Wang, et al., J. Agr. Food Chem. 69 (2021) 2950–2964.
[64] K.M. Lee, T.J. Herrman, Y. Bisrat, et al., J. Agr. Food Chem. 62 (2014) 4466–4474.

[65] N. Logan, C. Cao, S. Freitag, et al., Adv. Mater. 36 (2024) 2309625.

[66] H.H. Lia, S.A. Harunaa, W. Sheng, et al., Trends Environ. Anal. 169 (2023)

117365.

[67] K.A.S. Fessler, A. Waldron, A. Colón, J.C. Carter, S.M. Angel, Atom. Spectrosc.
179 (2021) 106108.

[68] G. Lan, J. Zeng, W. Li, et al., Sci. Rep. 11 (2021) 160492.
[69] L. Chalker-Scott, Photochem. Photobiol. 70 (1999) 1–9.

[70] D.T. Yang, Y.B. Ying, Appl. Spectrosc. Rev. 46 (2011) 539–560.
[71] N. Altangerel, G.O. Ariunbold, C. Gorman, et al., Proc. Natl. Acad. Sci. U. S. A.

114 (2017) 3393–3396.

[72] B.S. Park, T. Yao, J.S. Seo, et al., Nat. Plants 4 (2018) 898–903.
[73] X. Gansel, S. Muños, P. Tillard, A. Gojon, Plant J. 26 (2001) 143–155.

[74] C.H. Huang, G. Singh, S.H. Park, et al., Front. Plant Sci. 11 (2020) 663.
[75] S. Kim, S.U. Lee, H.S. Youn, et al., Plant Pathol. J. 29 (2013) 105–109.

[76] X.J. Zheng, W.C. Zhu, F. Ni, C.L. Yang, Sensor. Actuat. B: Chem. 255 (2018)
3148–3154.

[77] W.K. Son, Y.S. Choi, Y.S. Han, et al., Nat. Nanotechnol. 18 (2022) 205–216.
[78] J.R. Li, R. Guan, A. Wuethrich, et al., Anal. Chem. 96 (2024) 4495–4504.

[79] A. Rizza, A. Walia, V. Lanquar, et al., Nat. Plants 3 (2017) 803–813.

[80] K. Boonyaves, M.C.Y. Ang, M. Park, et al., Nano Lett. 23 (2023) 916–924.
[81] P.Z. Wang, H.C. Yang, C. Liu, et al., Chin. Chem. Lett. 32 (2021) 168–178.

[82] L. Tu, Y.L. Xu, Q.Y. Ouyang, X.Y. Li, Y. Sun, Chin. Chem. Lett. 30 (2019)
1731–1737.

[83] H.D. Zhu, K. Ma, R. Ruan, et al., Chin. Chem. Lett. 35 (2024) 108536.
[84] R. Xiao, J. Ding, J. Chen, et al., J. Biomater. Appl. 36 (2020) 15–25.

[85] H.M. Dai, Z.J. Cheng, T. Zhang, et al., Chin. Chem. Lett. 33 (2022) 2501–2506.

[86] M.H. Liu, X.Y. Zhou, X. Li, Z.J. Xue, T. Wang, Chin. Chem. Lett. 35 (2024) 108875.
[87] L. Tu, C. Li, X. Xiong, et al., Angew. Chem. Int. Ed. 62 (2023) e202301560.

[88] J. Zhao, X.Y. Liu, Y. Zhou, T.T. Zheng, Y. Tian, Chin. Chem. Lett. 34 (2023)
107895.

[89] X. Yang, Q.Q. Zhang, S.Y. Zhang, et al., Coordin. Chem. Rev. 487 (2023) 215154.
[90] X.Y. Bi, D.M. Czajkowsky, Z.F. Shao, J. Ye, Nature 628 (2024) 771–775.

[91] R.P. Chen, S.Y. Ren, S. Li, et al., Rev. Environ. Sci. Biol. 22 (2023) 933–968.

10


