
Biosensors and Bioelectronics 219 (2023) 114848

Available online 23 October 2022
0956-5663/© 2022 Elsevier B.V. All rights reserved.

Carbon dot based sensing platform for real-time imaging Cu2+ distribution 
in plants and environment 

Junjie Lin a, Xiaoman Huang a, Erfeng Kou a, Wenxiao Cai a, Haoran Zhang a, Xuejie Zhang a, 
Yingliang Liu a, Wei Li a,*, Yinjian Zheng c,**, Bingfu Lei a,b,*** 

a Key Laboratory for Biobased Materials and Energy of Ministry of Education, College of Materials and Energy, South China Agricultural University, Guangzhou, 510642, 
PR China 
b Maoming Branch, Guangdong Laboratory for Lingnan Modern Agriculture, Guangdong, Maoming, 525100, PR China 
c Institute of Urban Agriculture, Chinese Academy of Agricultural Science, Chengdu, 610218, PR China   

A R T I C L E  I N F O   

Keywords: 
Biosensor 
Cu2+ detection 
Carbon dots 
Plant 

A B S T R A C T   

Divalent copper is a double-edged sword for plants, excess or shortage of copper ions will cause adverse reactions 
in plants. Currently, Cu2+ sensor for plants is still underdeveloped and new technology is urgently required for 
realizing one-step and real-time detection of Cu2+ in plants. Herein, a home-made and low-cost sensing platform 
is constructed by using carbon dots (CDs) as the optical probe, electronic devices for image acquisition, and a 
built-in algorithm program for image processing, which allows the dynamic monitoring of Cu2+ distribution in 
different plant species with high spatial and temporal resolution. We found that the detection limit of R-CDs for 
Cu2+ in water sample was 0.375 nM, and 11.7 mg/kg or even less Cu2+ in plants can be visually observed and 
accurately detected by the sensing platform. Moreover, this sensing platform has also been employed for 
reporting the spatial distribution of Cu2+ in the external environment of plants, demonstrating its applicability 
for monitoring Cu2+ both in living plants and the surrounding environment. This study provides a smart sensing 
platform for precise detection in plant internal and external environments, offering a promising strategy for 
precision agriculture in real-time and remote-control manners.   

1. Introduction 

Copper is a necessary trace element for the growth of plants, which 
also serves as an important component of various proteins and enzymes, 
combining with enzymes to perform many nutritional functions. When 
crops are deficient in copper, photosynthetic activity will be inhibited 
and protein synthesis will be affected, resulting in dwarfing, sterility, 
and yield reduction (Dubey et al., 2018; Hossain et al., 2012). On the 
other hand, the damage of excessive copper on plants is mainly man
ifested in reducing the membrane integrity and enzyme activity of 
photosystem II (PS II), affecting the chlorophyll synthesis and the effi
ciency of main photochemical reactions (Jin et al., 2021). Copper mostly 
exists as Cu2+ in an aqueous environment, and Cu2+ is the main 
chemical form of copper that is adsorbed by plants (Lu et al., 2017a,b; 
Ouzounidou, 1994). Currently, precision agriculture is an important 

strategy to reduce the toxic stress of heavy metals in crops, which is of 
great significance for plant growth (Kupper and Andresen, 2016). Pre
cision agriculture aims to use sensing technology to detect chemical 
signals that may cause crop stress in the early stage, and solve the 
problem of annual reduction of arable land by optimizing the production 
mode and crop yield (Fichman et al., 2019; Zarco-Tejada et al., 2018). 
For maintaining plant homeostasis, it is necessary to design a sensitive, 
rapid, and real-time biosensor to dynamically detect the absorption of 
Cu2+ and its spatial distribution in plants. 

Previously reported Cu2+ sensing methods in plants are not user- 
friendly. The traditional method for copper detection is based on 
inductively coupled plasma (Bersier et al., 1994; Kin et al., 2016). 
Although this method has high accuracy, it causes damage to plants, 
requires a large number of samples, and suffers from cumbersome 
testing procedures. Commonly, the methods for the determination of 
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Cu2+ in plants involve conventional field sampling, plant sample 
digestion, and atomic absorption spectrophotometry analysis. These 
methods require expensive instruments, professional operators, and 
complex pretreatments, and are not conducive to monitoring copper 
absorption in real-time. Although nanomaterial-based probes for Cu2+

detection have been developed, such as carbon dots (Chen et al., 2016; 
Ge et al., 2021; Gedda et al., 2016), rhodamine (Rasheed et al., 2019; 
Zhang et al., 2007), polydopamine based nanoparticle (Su et al., 2016), 
chrysosplenol-D (Saleh et al., 2020), these studies were only carried out 
in the solutions or mammal cells (Gedda et al., 2016), rather than 
spatially locating Cu2+ in entire plants and their culture environments. 
In recent reports, nanomaterials have been used to detect glucose (Li 
et al., 2018a,b), nitroaromatics (Wong et al., 2017), and H2O2 (Lew 
et al., 2020) in plants by foliar infiltration. However, in vivo and in vitro 
detection that collaborative the imaging of the ion absorption between 
plants system and their growing environment is scarcely reported. At 
present, no technique can sensitively and visually realize Cu2+ mapping 
in plant systems and monitor Cu2+ concentration statistically through 
simple devices in case plant lesions occur. Therefore, it is promising to 
develop a smart sensing platform to dynamically monitor Cu2+ in plants 
and the surrounding environment. 

Fluorescent carbon dots (CDs) have attracted much attention 
because of their fascinating photoluminescence and stable physi
ochemical properties (Li et al., 2018a,b), which show great potential as 
optical nanosensors in biosystems (Lu et al., 2017a,b; Nissler et al., 
2022). Compared with other nanoprobes, CDs are superior to semi
conductor quantum dots (QDs), organic dyes, metal-doped nano
particles, and carbon nanotubes in terms of their good biocompatibility, 
excellent water solubility, and small size. Despite CDs having been 
intensively studied in mammalian systems (Liu et al., 2021), CD-based 
nanosensor has not been reported in living plants. In this work, a 
home-made Cu2+ sensing platform for plant systems was constructed 
with bright red fluorescent carbon dots (R-CDs) as the nanosensor and 
electronic devices as the signal readout tool (Fig. 1). The R-CDs taken up 
by the roots and transported along the plant vasculature are sensitive to 
Cu2+, from which the fluorescence quenching can be dynamically 

imaged by electronic devices and processed by a built-in algorithm 
program, realizing the real-time visualization of Cu2+ distribution inside 
plants and recording related intensity. Besides, this sensing platform is 
also applicable for sensing Cu2+ in the surrounding environment to 
determine the heavy metal contamination around the plants. This study 
provides a highly effective sensing platform for non-destructive detec
tion of Cu2+ in plants and the environment with high spatial and tem
poral resolution, presenting a promising strategy for synergetic 
monitoring of plant health and environmental contamination. 

2. Results and discussion 

2.1. High sensitivity and selectivity of R-CDs toward Cu2+

R-CDs were synthesized from formamide and glutathione based on a 
modified method (Pan et al., 2016), which are quasi-spherical and well 
dispersed with an average size of ~2.91 nm (Fig. S1). The lattice spacing 
of 0.21 nm (inset of Fig. S1A) is in accordance with the (100) facet of 
graphite and reveals the graphite-like structure in R-CDs (Pan et al., 
2016). The particle size (hydrodynamic diameter) of the R-CDs solution 
was 344.33 ± 50.54 nm and the zeta potential was − 16.1 mV (Fig. S2), 
indicating that R-CDs had good water solubility (Ahmed et al., 2021; 
Moradi et al., 2018; Pan et al., 2020). The small particle size and good 
water solubility of R-CDs make them possible to translocate within the 
plant system. Then, optical properties of R-CDs were further investi
gated. R-CDs have bright red emission peaked at 680 nm under the 
optimal excitation of 420 nm (Fig. 2A), which also features an 
excitation-independent emission behavior (Fig. 2B) (Nie et al., 2014). 
Upon the addition of Cu2+ with concentrations from 1 to 20 nM, the 
bright red fluorescence of R-CDs gradually quenched (Fig. 2C), which 
can be clearly observed by the naked eyes under the UV lamp (λex = 365 
nm) as shown in Fig. 2D. Accordingly, in Fig. 2E, the fluorescence 
quenching plots were linearly fitted with the equation: y = 0.04 x + 1 (x: 
cCu
2+: nM, R2 = 0.999). The limit of detection (LOD) for Cu2+ was 

calculated by the equation of LOD = 3σ/s, where σ is the standard de
viation of blank groups (n = 9) and s is the slope of the curve (Dong 

Fig. 1. Schematic diagram of R-CDs based sensing 
platform for detecting Cu2+ in plants and the external 
environment. The as-prepared R-CDs exhibit fluores
cence quenching behavior upon interaction with 
Cu2+. For sensing Cu2+ in plants, R-CDs were absor
bed by plant roots and then translocated into the stem 
to sense inner Cu2+. For sensing Cu2+ in the medium, 
R-CDs were injected into the medium to detect Cu2+

around the root. The Cu2+ distribution inside the 
plant as well as the outer medium was imaged by the 
sensing platform and a camera or mobile phone was 
connected for real-time monitoring.   
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et al., 2020; Du et al., 2021; Liu et al., 2021; Yan et al., 2018). The LOD 
for Cu2+ reaches 0.375 nM in the range of 1–6 nM. We made a com
parison of LOD of the previously reported methods (Table S1) and it 
clearly demonstrated the ultra-sensitive detection of Cu2+ by R-CDs. In 
order to explore their capability of acting as an optical sensor for metal 
ion detection, the fluorescence response of R-CDs towards various metal 
ions such as Ag+, Ba2+, Ca2+, K+, Na+, Pb2+, Zn2+, Co2+, Fe2+, Fe3+, and 
Mg2+ was investigated. As shown in Fig. 2F–G, among various metal ions 
respectively, only Cu2+ caused a significant fluorescence quenching 
implying that the R-CDs could be employed as a turn-off chemo-sensor 
for the selective detection of Cu2+. Anti-interference ability is an 
important evaluation for practical applications of sensing probe (Xu 
et al., 2015). Anti-interference ability was studied by recording the 
emission spectra in the co-presence of Cu2+ and other metal ions. As 
shown in Fig. 2G, the presence of other metal ions will not affect the 
detection of Cu2+ by R-CDs, which proves that R-CDs have excellent 
anti-interference ability. Considering the high content of some elements 
in plant internal environment, we explored the effect of common ele
ments on R-CDs fluorescence at 10 times concentration (200 nM). The 
results were consistent with the above conclusions. The spectrogram 
shows that only Cu2+ causes a large degree of fluorescence quenching, 
and the other ions have less than 10% effect on fluorescence (Fig. S3). At 
the same time, the response of R-CDs to Cu2+ was not affected by the 
high concentration of interfering ions. In addition, in the presence of 
amino acids and glucose, R-CDs also showed excellent selectivity in 
detecting Cu2+ (Fig. S4). In general, R-CDs are a fluorescent sensor with 
high anti-interference ability and specific and sensitive response to Cu2+

(Wang et al., 2017). 
Liang et al., (2021) demonstrated that the dehydration reaction of 

unsubstituted amide bond and carboxyl group is the key to the formation 
of red fluorescent carbon dots. Glutathione has carboxyl groups at both 
ends similar to citric acid, which can dehydrate with the amino group of 
formamide, and further polymerize and carbonize at high temperature 
to form R-CDs (Chen et al., 2020; Wei et al., 2020). Nitrogen doping 
makes the fluorescence gradually red-shifted by introducing a lower 
energy level (Holá et al., 2017; Nie et al., 2014). While the addition of 
Cu2+ will cause the obvious quenching of red fluorescence. 

Furthermore, the relationship between the amount of nitrogen doping 
and the detection effect of Cu2+ was investigated. The amount of ni
trogen doped was regulated by controlling the amount of formamide 
(glutathione: formamide = 1:1, 1:2, 1:3). XPS results showed that the 
nitrogen content of R-CDs increased gradually with the increase of 
formamide (Fig. S5). As shown in Fig. S6, the fluorescence intensities 
decreased at different rates with the increase of Cu2+ concentration and 
were finally completely quenched. The decline rate of fluorescence in
tensities displays signs related to the amount of doped nitrogen. The 
group at the ratio of 1:1 shows a rapid decrease in fluorescence intensity 
in 1–4 nM Cu2+ solution, while the group at the ratio of 1:3 shows a 
rapid quenching phenomenon in 3–6 nM Cu2+ solution. The results 
demonstrate that low doping amounts are easily quenched by Cu2+, 
while high doping amounts have a higher tolerance to Cu2+. In the group 
at the ratio of 1:2, fluorescence quenching showed a good linear rela
tionship with the concentration of Cu2+. Therefore, R-CDs used below 
were synthesized at a ratio of 1:2. The results prove that the quenching 
effect of R-CDs on Cu2+ is related to nitrogen. 

To gain insight into the quenching mechanism, the fluorescence 
response of R-CDs toward Cu2+ was further investigated. Fluorescence 
quenching is generally considered to be caused by fluorescence reso
nance energy transfer (FRET), inner filter effect (IFE), dynamic 
quenching (DQE) and static quenching (SQE) (Bozkurt et al., 2013; Li 
et al., 2014). Since negligible overlap between the absorption band of 
Cu2+ and the fluorescence spectrum of R-CDs (Fig. S7), the effect of IFE 
or FRET could be ruled out (Zhai et al., 2014). Then, the fluorescence 
quenching behavior was described by the Stern-Volmer equation.  

F0/F = 1+KSV[Cu2+]                                                                       (1) 

where, [Cu2+] is the concentration of the quenching agent in the system, 
F and F0 represent the fluorescence intensities of R-CDs in the presence 
and absence of Cu2+, respectively. 

As revealed in Fig. S8, the Stern-Volmer plot followed a good linear 
trend with Cu2+ concentration and the Stern-Volmer quenching constant 
(Ksv) was found to be 4.37 × 107 mol− 1 L. Dynamic or static quenching 
can be discriminated by studying the relationship between quenching 
constant and temperature. When the temperature of the system rose 

Fig. 2. (A) Excitation and emission spectra of R-CDs; 
(B) Emission spectra of R-CDs under different exci
tation wavelengths; (C) Fluorescence spectra of R-CDs 
at different Cu2+ concentrations; (D) Photographs of 
R-CDs solution with different concentrations of Cu2+

under a 365 nm UV lamp. The concentrations are 0, 1, 
2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 20 nM from left to 
right; (E) The calibration curves of fluorescence 
quenching effects of R-CDs by different concentra
tions of Cu2+, F0 and F are the maximum fluorescence 
intensity of R-CDs without and with Cu2+, respec
tively; (F) Photographs of R-CDs solution with various 
metal ions respectively under the excitation of a 420 
nm lamp. Images are processed by 645 nm filtering. 
[R-CDs] = 10 mg/L, [Cu2+] = 20 nM, [metal ions] =
20 nM; (G) Fluorescence response of R-CDs toward 
Cu2+ and various metal ions, λex = 420 nm, [R-CDs] 
= 10 mg/L, [Cu2+] = 20 nM, [metal ions] = 20 nM.   

J. Lin et al.                                                                                                                                                                                                                                       



Biosensors and Bioelectronics 219 (2023) 114848

4

from 25 to 50 ◦C, the quenching constant of the reaction increased from 
4.37 × 107 to 14.26 × 107 mol− 1 L (Fig. S8). As we all know, with the 
increase of temperature, the Brownian motion of molecules becomes 
more intense, and the number of collisions between Cu2+ and R-CDs in 
the system increases. Hence, the phenomenon that the quenching con
stant is proportional to temperature can be attributed to its dynamic 
properties (Lu et al., 2018). To further study the quenching mechanism, 
time resolved fluorescence decay analysis was performed on R-CDs. As 
shown in Fig. S9, the average lifetimes of R-CDs are reduced by 20% 
(from 4.455 ns to 3.543 ns), which confirms that the dynamic quenching 
plays a major role in such a quenching process (Li et al. 2020a,b, 2021). 
From the above results, we proposed a feasible quenching mechanism. 
First, the surface functional groups of R-CDs form molecular contact 
with Cu2+ through electrostatic adsorption. Then, during violent mo
lecular collisions, nonradiative electron transfer from the excited state of 
R-CDs to the vacant d orbitals of Cu2+, resulting in the quenching of 
fluorescence (Bandi et al., 2018; Liu et al., 2018). 

2.2. Applicability of R-CDs sensing Cu2+ within plants 

The highly sensitive and selective sensing abilities toward Cu2+

render R-CDs with great potential as a plant sensor. For plant system, 
conduction is an important mode of nutrient substance transport in 
plants, which is conjointly accomplished by the main parts of roots, 
stems, and leaves. Plants first absorb water containing dissolved min
erals and inorganic salts through the cells of the root hair. The presence 
of the Casparian strip in the endodermis makes it necessary for water 
and solutes to pass through the selective permeable plasma membrane of 
the endodermis cells into the protoplasm, and then into the vascular 
bundles. Similarly, R-CDs dissolved in deionized water can be absorbed 
by plants as organic matter through roots and then translocated upward 
through the vascular systems because of their small size and good water- 
solubility. After the co-culturing of 3-day-old bean sprouts with R-CDs 
solution (20 mg/L) for 2 h, obvious red fluorescence in the xylem of 
vascular bundle was revealed by confocal images (Figs. S10A and S11A), 
while no fluorescence can be observed in the control group (Figs. S10B 
and S11B), which demonstrates that R-CDs can be successfully 
embedded in plants, offering the possibility for R-CDs to interact with 
Cu2+ within plants. Meanwhile, the route of R-CDs entering plants and 
the location of aggregation were analyzed by confocal laser images. We 
found that the red fluorescence signal mainly came from the epidermis 
and endodermis, and a little from the xylem of vascular tissue. The re
sults show that R-CDs contacted the epidermis, were absorbed by root 
hair, and then entered into plant cells through osmotic pressure, trans
ported by vascular tissue, and accumulated in the endodermis. In nature, 
Cu2+ mainly exists in soil in the form of hydrate, likewise, it is absorbed 
by plant roots with water and transported to various organs of the plant 
through vascular bundles. It is noteworthy that plants have a self- 
protection mechanism to cope with excess Cu2+, that is, by accumu
lating Cu2+ in the roots and preventing their translocation to the shoots 
(Thounaojam et al., 2012). Hence, root is the main site where Cu2+ enter 
the plant and accumulate, and the content of Cu2+ in the whole plant can 
be learned by detecting the root. Herein, Cu2+ absorbed by roots can 
interact with R-CDs embedded in Casparian strip to quench the red 
fluorescence and achieve visual detection of Cu2+ in plants. In addition, 
the toxicity of R-CDs in plants was detected by fluorescein diacetate 
(FDA) staining. Confocal images show that most cells can be stained, 
which proves the good viability of bean sprouts incubated with R-CDs 
(20 mg/L) after 3 h (Fig. S12). The low toxicity of R-CDs has also been 
reported in our previous report, with a 92% survival rate in Hela cells 
treated with R-CDs tested with Cell Counting Kit-8 (CCK-8) (Li et al., 
2020a,b). Besides, Li et al. also reported that R-CDs can increase the 
yield of lettuce through light conversion (Li et al., 2020a,b). The above 
results demonstrate that R-CDs can act as a biocompatible nanosensor 
within plants. 

To demonstrate the applicability of R-CDs nanosensor in vivo in 

plants, the experiments were carried out by culturing 3-day-old bean 
sprouts in R-CDs solution for 2 h and then transferred into Cu2+ solution 
(50 nM) for 30 min followed by three times wash using deionized water. 
Confocal images show no obvious red fluorescence, indicating that Cu2+

in the plant could quench the red emission of R-CDs (Figs. S10C and 
S11C). The above results manifest that R-CDs could enter the plant 
through roots. The other substances within plant, such as amino acids, 
vitamins, and monosaccharides, would not affect the fluorescence of R- 
CDs. The successful detection of Cu2+ was realized on the microscopic 
scale. 

To realize real-time sensing for Cu2+ in living plants or tissues, we 
used a smart phone with 50-million pixels and a 645 nm filter to collect 
the fluorescence signal of R-CDs in plants. This simple detection system 
can be practically applied for tracing Cu2+ from root absorption and 
further infiltration in plant tissues. We chose bean sprouts and spinach 
as model plants because of their fast growth rate. Onion was selected for 
plant tissue model because its cells are obvious, which is conducive for 
observation. By using the setup, plants without R-CDs treatment 
exhibited negligible background signals after applying Cu2+ (Fig. S13). 
After the treatment of R-CDs and Cu2+, as shown in Fig. 3A–C, the 
fluorescence intensity in R-CDs treated bean sprouts decreased over time 
as Cu2+ (50 nM) was gradually absorbed and transported into vascular 
bundle through roots from the solution, similar sensing performance can 
also be observed in different plant species like the white onion tissue 
(Fig. 3D–F) as well as spinach (Fig. 3G–I). Statistically, in Fig. 3C and I, 
the fluorescence intensities recorded from bean sprouts and onion tissue 
show that the fluorescence intensities dropped significantly after being 
cultured in Cu2+ solution for about 10 min, which were about 50% lower 
than the original value. While the quenching rate of R-CDs in spinach is 
slightly slower than other groups (Fig. 3F). The difference is caused by 
the different affinity of different plant species and tissues for Cu2+, 
which can be related to the difference in absorption capacity caused by 
the strength of transpiration (Adamchuk et al., 2004; Salah and Bar
rington, 2006). Nevertheless, the fluorescence intensities of all plant 
samples show a consistent downward trend over time, suggesting that 
R-CDs are still sensitive enough to detect and trace Cu2+ inside their 
biosystems. The results demonstrate that the detection of Cu2+ in plants 
can be visualized by camera and ImageJ image processing software, 
demonstrating the different absorption rates of Cu2+ in different species. 
Furthermore, the Cu2+ content levels and fluctuations in plants were 
investigated. To begin, the Cu2+ contents of spinach roots treated with 
deionized water, 25 nM, and 50 nM Cu2+ solutions for 30 min were 
determined using inductively coupled plasma spectroscopy (ICP). 
Meanwhile, the fluorescence changes of R-CDs treated spinach roots 
were recorded in the corresponding solution for 30 min. Compared with 
the results in Table S2 and Fig. S14, with the increase of Cu2+ culture 
concentration, the accumulation of Cu2+ in spinach roots showed a 
significant increase from 3.1 mg/kg to 11.7 mg/kg and 18.0 mg/kg, 
respectively. Accordingly, through the analysis of the images (Fig. S14C, 
F and I), the change of fluorescence intensity also showed a consistent 
trend, and the quenching rate of fluorescence intensity increased from 
~9% to ~25% and ~60%, respectively. R-CDs are herein demonstrated 
to be able to detect Cu2+ inside plants when plants absorb 25 nM of Cu2+

from the surrounding environment. These results prove that low Cu2+

levels and fluctuations in plants caused by ambient concentrations can 
be sensitively detected by R-CDs. 

2.3. Construction of sensing platform for real-time monitoring Cu2+ in 
vivo 

Like in the previous reports (Lew et al., 2020; Li et al., 2018a,b; Wang 
et al., 2020; Wu et al., 2020), in order to present the fluorescent change 
more intuitively, the fluorescence image usually undergoes post-image 
processing to produce the final false-color image. This complex 
post-processing conflicts with the requirements of timely and fast 
monitoring of the analyte. Therefore, we constructed a user-friendly 
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sensing platform by installing the imaging algorithm program into the 
camera to directly obtain the false-color image without any further 
post-processing. In addition, the fluorescence intensity of region of in
terest could be given, rendering the sensing platform with high accu
racy. Herein, this easy-to-use and low-cost sensing platform is assembled 
by embedding R-CDs as the optical sensor, high-definition camera or 
mobile phone as the image acquisition tool and the built-in algorithm 
program as the processing tool, for realizing the dynamic monitoring of 
Cu2+ distribution and relative intensity readout in one step (Fig. 4), the 
designed operation interface can easily monitor and image the red 
fluorescence of R-CDs with RGB color value, achieving remote and 
long-term monitoring of analyte in vivo and in vitro (Fig. S15). At the 
same time, the smart phone device can control the functions of the 
sensing platform and monitor the red fluorescent image through the 

network connection. Compared with the reported work, this sensing 
platform is free from manual processing of images, improves the speed 
of data output and truly realizes the real-time monitoring of analytes. 

This sensing platform highlights the timely and rapid response to the 
analyte reflected by the change of fluorescence signal. Taking living 
spinach and white onion tissue as examples, during the observation 
period of 30 min, the fluorescence signals of R-CDs were significantly 
weakened when R-CDs pretreated spinach (Fig. 5A) and white onion 
tissue (Fig. 5B) that cultured in Cu2+ solution, respectively. In the con
trol group, the fluorescence of R-CDs remained stable when R-CDs 
pretreated samples that without Cu2+ treatment under the same condi
tions (Fig. 5B and S16). In order to study the autofluorescence effect, 
spinach without R-CDs treatment was observed under the identical 
conditions, which showed negligible fluorescence that would not 

Fig. 3. R-CDs detect Cu2+ in living plants or tissues. 
Images of R-CDs treated bean sprouts (A), white 
onion tissue (D) and spinach (G) under white light. 
False color images of absorbed Cu2+ detected by R- 
CDs in bean sprouts (B), white onion tissue (E) and 
spinach (H) under 420 nm excitation over time. Time 
profiles of fluorescence intensities of R-CDs in bean 
sprouts (C), white onion tissue (F) and spinach (I) 
over time. The white arrows in the inset indicate the 
measurement points for fluorescence intensities col
lecting. The shaded regions in (C), (F) and (I) repre
sent the standard deviation from three times 
sampling.   

Fig. 4. Schematic diagram of the sensing platform for 
detecting Cu2+ within plants and environment. R-CDs 
and Cu2+ can be translocated into the plant systems 
via symplast pathway, which induces fluorescence 
quenching of R-CDs upon interaction. The residual 
Cu2+ in the environment can also be detected by R- 
CDs. The home-made camera setup directly monitors 
the changes of the fluorescence signal, processes the 
image through the built-in algorithm, and finally 
outputs the results through the external display 
screen or the connected smart phone, realizing the 
remote and rapid monitoring of the analyte.   
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interfere with R-CDs fluorescence (Fig. S17). The above results prove 
that the home-made sensing platform can successfully record fluores
cence signal and output the high-contrast false-color image. 

2.4. Monitoring of Cu2+ in surrounding environment 

Besides monitoring plant inner environment, it is necessary to detect 
the external growth environment for the sake of plants and even human 
health. In recent years, soilless cultivation technology has provided an 
important solution in solving the shortage of cultivated land and 
increasing crop yields (Ahn et al., 2021; Steffen et al., 2015). As a new 
culture substrate for soilless culture, hydrogel has been widely studied 
for its culture effects equal to or even better than soil (Neethu et al., 
2018; Ragaveena et al., 2021; Tang et al., 2014). We selected solid 
medium to simulate the hydrogel environment for plants growth, 
because solid medium can provide a solid growth environment similar to 
hydrogel. The detection of Cu2+ in the culture environment is conducive 
to a deeper understanding of plant growth, and provides a significant ion 
monitoring platform for soilless culture and precision agriculture. First, 
we tested the detection performance of R-CDs in the solid medium 
without plants. Specifically, we prepared an AGAR medium with Cu2+

concentration of 30 nM and then used a medical needle to inject R-CDs 
into the medium at the regions of interest. Under the 365 nm UV irra
diation, the red fluorescence quenching phenomenon was observed over 
time (Fig. S18A), indicating that R-CDs fluorescence can be quenched by 
Cu2+ in the environment. Reversely, R-CDs (10 mg/L) were first 
embedded into the medium, the entire medium showed uniformly red 
fluorescence under the UV lamp (Fig. S18B), and then Cu2+ solution (30 
nM) was injected into the medium at certain sites, which appeared as 
dark dots. These results prove that R-CDs are capable of site-specific 
detection of Cu2+ in the solid environment. 

The detection ability of R-CDs in solid media can be further applied 
to monitor Cu2+ uptake by plants from surrounding environment. In the 
growing process, plants absorb nutrients from the environment through 
the roots. When plant roots absorb Cu2+ from the environment, the re
sidual Cu2+ near the root would be less than that of the far root. When R- 
CDs were injected, the quenching rate of R-CDs would be different due to 
the different concentration of Cu2+ in these two parts. By recording the 
fluorescence intensities of R-CDs, we can observe the specific location of 
Cu2+ uptake around the roots statistically. Herein, we investigated the 
concentration changes of Cu2+ in the medium after 12-h absorption by 
plants. As shown in Fig. S19, 4-day-old bean sprouts cultured in 
deionized water were transplanted into solid AGAR medium containing 

30 nM Cu2+ for fixation. The as-prepared medium theoretically had 
uniform Cu2+ distribution. After 12-h culture, in order to detect the Cu2+

distribution in the medium, R-CDs were injected into the parts of me
dium near and far from bean sprouts in the same plate, respectively. 
After 60 s, the red fluorescence around bean sprouts was much stronger 
than that on the other side far from bean sprouts, indicating the differ
ence in Cu2+ concentrations caused by plant absorption. Actually, dur
ing the 12-h cultivation, the roots of bean sprouts would absorb water 
and nutrients, including Cu2+ from the medium, thereby reducing 
external Cu2+ concentration around them and causing less fluorescence 
quenching of R-CDs. These results prove that R-CDs can be used as an 
optical sensor to preliminarily monitor Cu2+ absorption by plants from 
the surrounding environment. 

To demonstrate the applicability of the sensing platform, monitoring 
and imaging Cu2+ uptake at the regions of interest around roots were 
dynamically imaged and statistically recorded. As shown in Fig. 6, the 3- 
day-old bean sprout was implanted into solid medium containing Cu2+

for 12-h culturing. Then, two 2.5 cm liquid columns of R-CDs were 
injected into the site close to the root of bean sprout by a medical needle 
(Fig. 6A–B), and the fluorescence changes were imaged and recorded by 
the sensing platform with smart phone. It is obvious that the fluores
cence intensity in the site far from root decreased significantly due to the 
unabsorbed Cu2+, while the fluorescence intensity of the near root 
remained at a high level because of the lower Cu2+(Fig. 6D). In order to 
make a clear comparison, red fluorescence intensities at the red (near 
root) and white circles (far from root) were recorded over time (Fig. 6C). 
After 220 s, the fluorescence intensity in the near-root site remained 
70% of the original, while it decreased to 20% in the far-root site. The 
result shows that the concentration of Cu2+ gradually decreased when 
getting closer to the root along the Z-axis, realizing site-specific Cu2+

monitoring around roots. Then, the detection effect in X-axis direction 
was evaluated. Similarly, as revealed in Fig. 6E–H, fluorescence 
quenching degree of R-CDs in the site that far from root was as about 
twice as that of the near root at 170 s, again demonstrating that R-CDs 
are able to detect the analyte remained in the environment. Experiments 
in vitro monitor the environment after plants absorb Cu2+, while ex
periments in vivo monitor the absorption of Cu2+ in plants. The above 
two experiments realize the collaborative monitoring of Cu2+ uptake by 
plants and improve the accuracy of monitoring. This sensing platform 
provides great promise for determining environmental contamination 
and monitoring synergetic plant health spatially and temporally. 

Fig. 5. Real-time detections of Cu2+ in plant samples by the sensing platform. (A) Images of R-CDs pretreated spinach that immersed in Cu2+ solution (50 nM) over 
time under white light and 420 nm excitation. (B) Images of R-CDs pretreated white onion tissue that immersed in Cu2+ solution (50 nM) (left) and deionized water 
(right) over time under white light and 420 nm excitation, respectively. 
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3. Conclusions 

Plant nanobiotechnology is expected to provide solutions to alleviate 
global agriculture problems. For example, plant nanosensors can 
communicate the stress on plants in real time under non-destructive 
conditions, which is conducive to achieving precision agriculture. We 
have developed biosensors based on R-CDs for the detection of Cu2+ in 
plants. We constructed a user-friendly sensing platform by using carbon 
dots (CDs) as the optical probe, electronic devices for image acquisition, 
and a built-in algorithm program for image processing to visually detect 
Cu2+ in vivo and in vitro. R-CDs can enter plants through co-culture and 
accumulate in the vicinity of vascular bundles to detect Cu2+ in the 
plant. The sensing platform can image the absorption of Cu2+ in plants 
through fluorescence signal readout. In the application of environmental 
detection in vitro, Cu2+ can be visually detected by mapping the fluo
rescence changes of R-CDs. Through the collaborative detection of Cu2+

in vivo and in vitro, we can more intuitively observe the absorption of 
Cu2+ by plants, which is conducive to understanding plant growth. 
Moreover, the Cu2+ detection function of R-CDs can be applied in a 
variety of plants/tissues (such as bean sprouts, spinach, and onion tis
sues), which provides a basis for the application of plants in laboratory 

research and field cultivation and extends the application of optical 
nanosensors in real-time plant health monitoring. 
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